IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



DECLARATION OF JOHN C. ROCKETT, Ph.D. 
UNDER 37 C.F.R. § 1.132 

I, JOHN COUGHLIN ROCKETT III, Ph.D., declare and 
state as follows: 

1. Since 1995 I have been engaged full-time in 
molecular toxicology research, with an emphasis on the 
application of expression profiling techniques, including but 
not limited to nucleic acid microarray expression profiling 
techniques, to studies of the mechanisms of toxicant action 
and to the design of assays to monitor toxicant exposure. 

2. My curriculum vitae, including my list of 
publications, is attached hereto as Exhibit A. 

3. For the past 5 years, my work has focused 
primarily on analyzing the effects of potentially hazardous 
environmental agents, such as heat, water disinfectant 
byproducts, and conazole fungicides on the male reproductive 
tract. Although we are interested in the basic mechanisms of 
action of such toxicants, we also have two practical goals in 
mind: first, to identify individual agents and families of 
agents that adversely affect male reproductive development and 
function, and second, to develop methods for monitoring human 
exposure to such agents, particularly methods capable of 
identifying toxicant exposure at an early stage. 

4. I have relied on expression profiling as a 
principal approach to these goals. Expression profiling, by 



r porting th expression 1 vels of thousands of genes 
simultaneously, gives us an opportunity to identify and gr up 
toxicants based on similarities in the patterns of gene 
expression they induce in cells and tissues; the gene 
expression profiles induced by treatment with known testicular 
toxins serve as standards, molecular signatures or molecular 
fingerprints as it were, against which the patterns of gene 
expression induced by agents of unknown toxicity may be 
compared and judged, m addition, gene expression profiling 
may give us the opportunity to detect toxicity before more 
gross phenotypic changes become manifest. 

5. In keeping with this research emphasis, I have 
until recently: 

served on the Microarray Technical 
Subcommittee of the United States Environmental 
Protection Agency (EPA) Genomics Task Force, and 

served on the Scientific Committee for 
the conference series on "Critical Assessment of 
Techniques for Microarray Data Analysis," held 
annually at Duke University, Durham, NC; 

and I currently 



... . serve on the Technical Committee on the 
Application of Genomics to Mechanism- Based Risk 
Assessment of the International Life Sciences 
Institute's Health and Environmental Sciences 
Institute, 

serve on the Genomics and Proteomics 
Committee of the National Health and Environmental 
Effects Research Laboratory of the EPA's Office of 
Research and Development, 

belong to the [North Carolina . Research] 
Triangle Array Users Group, 
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belong to the Mol cular Biology- 
Speciality Section of the Society of Toxicology, 

belong to the Triangle Consortium for 
Reproductive Biology. 

in addition, I am the principal investigator on a cooperative 
research and development agreement (CRADA) entitled 
■Development of a Genetic Test for Male Factor Infertility. - 
Prior to this, I was a co-principal investigator on a 
materials cooperative research and development agreement 
(MCRADA) to print oligonucleotide-based microarrays; and from 
1999 - 2002, I was coinvestigator on a CRADA to develop gene 
microarrays for toxicology applications. 

6. I presume the reader's familiarity with the 
basic construction and operation of microarrays. For purposes 
of the discussion to follow, I use the phrase "nucleic acid 
microarray- and, eguivalently, the term -microarray- to refer 
generical'ly to the various types of nucleic acid microarray 
that include immobilized nucleic acid probes of sufficient 
length to permit specific binding, with minimal cross- 
hybridization, to the probe's cognate transcript, whether the 
transcript is in the form of RNA or DNA. Although this 
definition excludes microarrays having shorter probes, such as 
the 20-mer probes of arrays manufactured by Affymetrix, Inc.. 
many of the comments that follow nonetheless apply to such 
microarrays as well. 



7. Although my own work with microarrays dates 
only to 1998, and high density spotted nucleic acid 



microarrays themselves date back perhaps only to 1995 ,* 
microarrays ar by no means the only, nor the first, 
expr ssion profiling tool. As I describe in detail in my 
Xenobiotica review, * there are a number of other differential 
expression analysis technologies that precede the development 
of microarrays, some by decades, and that have been applied to 
drug metabolism and toxicology research, including: 
(1) differential screening; (2) subtractive hybridization, 
including variants such as chemical cross-linking subtraction, 
suppression-PCR subtractive hybridization and representational 
difference analysis; (3) differential display; (4) restriction 
endonuclease facilitated analyses, including serial analysis 
of gene expression (SAGE) and gene expression fingerprinting; 
and (5) EST analysis. 

8. In my own earlier research, I used both 
reverse-transcriptase polymerase chain reaction (RT-PCR) and 
suppression-PCR subtractive hybridization (SSH) to study 
patterns of differential gene expression caused by hepatic 
challenge with nongenotoxic and genotoxic hepatotoxins . 3 



Schena et al., -Quantitative monitoring of gene expression n»f-t-«™ 
with a complementary M microarray, - Science 270?«7-^ ^tll^L 
hereto as Exhibit B. «/u u»95) , attached 

* Rockett et al., "Differential gene expression in drug metabolism and 

JSSJ? ^ Pra « icalities ' Problems and potential. - X««Mo52^5 5 !Sl 
(1999) (hereinafter, Xenobiotica review , . attached hereto as Lnibftc 

SSe ' e ' 9 " ?° ckett et al " "Molecular profiling of non-genotoxic 

e™^!^ ?! w? " ^ le rat 9uinea livers following 3-day 
exposure to [4-chloro-6- (2.3-xylidino) -2-pyrimidinylthio] acetic acid • 
^0020^144(1-3,: 13-29 (2000), attached hereto respective" as dibits 
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9. Thes older transcript expression profiling 
t chniques pr vide analogous- expression data/ but with far 
lower throughput. 

10. It has been well-established, at least since 
the introduction of high density spotted microarrays in 1995, 
that: 

(i) each probe on the microarray, with 
careful design and sufficient length, and with 
sufficiently stringent hybridization and wash 
conditions, binds specifically and with minimal 
cross-hybridization, to the probe's cognate 
transcript ; 

(ii) each additional probe makes an 
additional transcript newly detectable by the 
microarray. increasing the detection range, and 
thus versatility, of this analytical device for 
gene expression profiling; 4 

(iii) it is not necessary that the 
biological function be known in order for the gene, 



The compelling logic of this proposition has likely motivated th* 

TSS^ ? r ° 9reSS fr ° m the earliest hi <* density spoked arrays in 

1995 (Schena et ai.. -Quantitative monitoring of gene expression £J5£ni 
with a elementary DNA microarray, - Science 270?467-ETTSiS? ^ttaSed 
hereto as Exhibit B) . to the first whole genome arrays in 1997 £a££S et 
f^-II?* "^roarrays for genome wide parallel genetic and gene 
expression analysis.- J»roc. Natl. Acad. Sci. USA 94 (24) • 13057 m oo7> ^ 

^ssfoVonVg^^ 

SSSit S-^ient^ 2 \ 2003 (BUSineSS Day) ' attaChe ^ hSto^. 
Exhibit H; Agilent Technologies ships whole human genome on sinol. 

SSSTy J° ^tomers for evaluat?™?? Pre^^lease 

t£^/- Ch ?° l0gie8 ' Octobwr 2 ' 2003 ' attached hereto as Exhibit I* ' 
•Affymetrix Announces Commercial Launch of Sinole Arrav foTT,,^ I' 

^r a \°\T^ iB; M ° re Tha " 1 Millionlro^'Anaty^ SrSSSn^. 
of Nearly 50,000 RNA Transcripts and Variants on a Single^ray SL^lS Q f 

a^ 7 ^, 11 ;; PreSS ReleaSe ' "*-tri«. October 2. aoS? a^ache^er^' 
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or a fragment of th gene, to prove useful- as a 
prob on a microarray to be used for expression 
_ analysis; 

(iv) failure of a probe to detect changes 
in expression of its cognate gene does not diminish 
the usefulness of the probe on the microarray; and 

(iv) failure of a probe to detect a 
particular transcript in any single experiment does 
not deprive the probe of usefulness to the 
community of users who would use this research 
tool . 

These principles also apply to transcript expression profiling 
techniques that antedate the development of high density 
spotted microarrays, and accordingly were well-understood 
prior to 1995. 

11. Moreover, expression profiling is not limited 
to the measurement of mRNA transcript levels, it is widely 
understood among molecular and cellular biologists that 
protein expression levels provide complementary profiles for 
any given cell and cellular state. Although I cannot claim 
cr dit for having coined the phrase, I have written that the 
difference between transcript expression profiling and protein 
expression profiling is that "transcriptomics indicates what 
should happen, and proteomics shows what is happening. " 5 

12. For decades, such protein expression profiles 
have been generated using two dimensional polyacrylamide gel 



Rocket t, "Macroresults through Microarrays," Drug Discovery Today 
7:804 - 805 (2002) (emphasis added), attached hereto as Exhibit K. 



electr phoresis (2D- PAGE) , and used, among other things, t 
study drug effects.' 



13. Although the protein expression profiles 
produced by 2D- PAGE analysis are analogous to the transcript 
expression profiles provided by nucleic acid microarrays, an 

ven closer analogy is perhaps offered by antibody 
microarrays; as I note in my Drug Discovery Today commentary, 
such antibody microarrays date back to the work of Roger Ekins 
in the mid- to late-1980s. 7 

14. The principles in paragraph 10 also apply to 
protein expression profiling analyses, particularly to 
analyses performed using antibody microarrays. Thus, as with 
nucleic acid microarrays, the greater the number of proteins 
detectable, the greater the power of the technique; the 
absence or failure of a protein to change in expression levels 
does not diminish the usefulness of the method; and prior 
knowledge of the biological function of the protein is not 
required. As applied to protein expression profiling, these 
principles have been well understood since at least as early 
as the 1980s. 

15. Both gene and protein expression profiling are 
particularly useful to the toxicologist , especially in the 
pharmaceutical industry. Accordingly, I made the following 



See, e.g., Anderson et al., "A two-dimensional gel database of rat 
liver proteins useful in gene regulation and drug effects studies • 
Electrophoresis 12:907 - 930 (1991). attached hereto as Exhibit l! 

S e Ekins et al., J. Bioluminescence Chemi luminescence 5-59-78 
(1989); Ekins et al . . Clin. Chem. 37: 1955-1965 (1991); and Ekins U S 
Patent Nos. 5.432,099. 5.807.755. and 5.837.551. attached hereto 
respectively as Exhibits M to Q. 



statements in my Xenobiotica r view, written in- th 
1998: 



[IJn the field of chemical-induced 
toxicity, it is now becoming increasingly obvious 
that most adverse reactions to drugs and chemicals 
are the result of multiple gene regulation, some of 
which are causal and some of which are casually- 
related to the toxicological phenomenon per se. 
This observation has led to an upsurge in interest 
in gene-profiling technologies which differentiate 
between the control and toxin-treated gene pools in 
target tissues and is, therefore, of value in 
rationalizing the molecular mechanisms of 
xenobio tic- induced toxicity. 

Knowledge of toxin- dependent gene 
regulation in target tissues is not solely an 
academic pursuit as much interest has been 
generated in the pharmaceutical industry to harness 
this technology in the early identification of 
toxic drug candidates, thereby shortening the 
developmental process and contributing 
substantially to the safety assessment of new 
drugs . 

For example, if the gene profile in 
response to say a testicular toxin that has been 
well -characterized in vivo could be determined in 
the testis, then this profile would be 
representative of all new drug candidates which act 
via this specific molecular mechanism of toxicity, 
thereby providing a useful and coherent approach to 
the early detection of such toxicants. 

Whereas it would be informative to know 
the identity and functionality of all genes up/down 
regulated by such toxicants, this would appear a 
longer term goal, as the majority of human genes 
have not yet been sequenced, far less their 
functionality determined. However, the current use 
of gene profiling yields a pattern of gene changes 
for a xenobiotic of unknown toxicity which may be 
matched to that of well-characterized toxins, thus 
alerting the toxicologist to possible in vivo 
similarities between the unknown and the 
standard. . . . 



* * * 



Despite the development of multipl 

have recently brought 
the faeld of gene expression profiling to the 
forefront of molecular analysis, recognition of the 
importance of differential gene expression and 
characterization of differentially expressed genes 
has existed for many years. 9 



16. As noted in the preceding excerpt from my 
Xenobiotica review, expression profiling in toxicology studies 
yield patterns of changes that are characteristic of an agent 
of unknown toxicity, which patterns may usefully be matched to 
those of well-characterized toxins. 

17. In the context of such patterns of gene 
expression, each additional gene-specific probe provides an 
additional signal that could not otherwise have been detected, 
giving a more comprehensive, robust, higher resolution - and' 
thus more useful - pattern than otherwise would have been 
possible . * 

18. It is my opinion, therefore, based on the state 
of the art in toxicology at least since the mid-1990s - and 
as regards protein profiling, even earlier - that disclosure 
of the sequence of a new gene or protein, with or without 
knowledge of its biological function, would have been 



fn.i J* \ 8enS !!:. ! SCh O^-specific probe used in such an analysis is 
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sufficient information for a toxicologist to use th gene 
and/or protein in expr ssion profiling studies in toxic logy* 

19. The statements made in this declaration 
represent nty individual views and are not intended to 
represent the opinion of my employer, the United States 
Environmental Protection Agency, or of any other branch of the 
federal government. Other than my current engagement to 
provide this declaration, I have neither had, nor currently 
have, financial ties to, or financial interest in, Incyte 
Corporation. I am not myself an inventor on any patent 
application claiming a gene or gene fragment. 

20. I declare further that all statements made 
herein of my own knowledge are true and that all statements 
made on information and belief are believed to be true, and 
further that these statements were made with the knowledge 
that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code and may 
jeopardize the validity of any patent application in which 
this declaration is filed or any patent that issues thereon. 

Date 
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EXHIBIT A 

Docket No.: PB-00CW-1 CJP 
USSN: 09/818,143 



CURRICULUM VITAE 



PERSONAL DETAILS 



Name: 
Nationality: 
Work Address: 



John Coughlin Rockett HI 
USA 

United States Environmental Protection Agency 

National Health and Environmental Effects Research Laboratory 

Reproductive Toxicology Division (MD-72) 

Gamete and Early Embryo Biology Branch 

Research Triangle Park 

NC 27711 

USA 



W rk Telephone: +001 (919) 541 2678 
W rkFax: +001 (919)541 4017 

rockett.iohn@epa. pov 



Work E-mail: 



Employment and Higher Education - 



CURRENT POSITION (12/OD-present) 
Research Biologist 

Gamete and Early Embryo Biology Branch (MD-72) 
Reproductive Toxicology Division 

National Health and Environmental Effects Research Laboratory 

US Environmental Protection Agency 

Research Triangle Park 

NC 27711 

USA 



PREVIOUS POSITIONS 

8/98-12/00: NHEERL Post-Doctoral Research Fellow, Gamete and Early Embryo Biology 
Branch, Reproducfive Tox,cology Division, National Health and EnvironmentaT E rTects 
Research Laboratory, Umted States Environmental Protection Agency, Research W Park, 

Supervisors: Dr Sally P. Damey (Scientific publications under Sally D. Perreault) and Dr David 

5/95-7/98: Rhone-Poulenc Post-Doctoral Research Fellow Molecular Tnvi™i„™ r c u , 
Supemson Prof. G. Gordon Gibson. 



EDUCATION 



Ph.D., 1995 - University of Warwick, Coventry, W. Midlands, England 
Cater rranSf ° nnin8 ***** "* bmm Ration Molecules in Oesophageal 

SSSS^S G ' M0ITis of Wamick) aod Dr s Jane Damton 

B.Sc (Hons.), 1991 - University of Warwick, Coventry, W. Midlands, England 
SSSS!^^ TeChn ° ,0£y imerCalated ^ * ^ ^ass 2, 



PROFESSIONAL ACTIVITTES 
Membership of Professional Societies: 

Society of Toxicology (Inc. Molecular Biology Speciality Section) (2001-present) 
Science Advisory Board (2001-present) 

North Carolina Chapter of the Society of Toxicology (1 999-present) 

Triangle Consortium for Reproductive Biology (1 999-present) 

Triangle Array Users Group (1 999-present) 

Institute of Biology (ILK.) (1989 - present) 

British Toxicology Society (1996 - 2000) 

Biochemical Society (UX) (1992-1995) 

British Society for Immunology (1 992- 1 995) 

Membership of Scientific Committees: 

latejTiational life Sciences Institute's (JUST) Health and Environmental Sciences Institute CHEST) 
Technical Committee on the Application of Genomics to Mechanism-Based Risk Assessment- 

• Steering Committee (5/02-present). 

• Hepatotoxicity Working Group Vice-Chair (5/02-present). 

• Hepatotoxicity Work Group Member (5/01 -present). 

(W^PT^r ^ W ° rk Gr ° Up ° {±e National Children's Study 

XmSS^ Effecte Research ^ homoTy Distinguished ^ Series 

U.S. Environmental Protection Agency Genomics Task Force Microarray Technical 
Subcommittee (August 03-present). 



Professional Meetings: 



n^^^TS 0 **™^ v XpCrt Pand W ° rksh °P : ' ,The Ro,e of Environmental Factors 
on the Onse and Progression of Puberty in Children". Organised by Serono Symposia 
International. November 6*4* 2003, Chicago, IL, USA. 

Joint organiser and co-chair of: "Genomic analysis of surrogate tissues for measuring toxic 
exposures and druj action", the "Innovations in Applied Toxicology" Symposium for the Society 
of Toxicology 42^ Annual Meeting, March 9 th -13 ,h , 2003, Salt Lake City UT USA 



KJ" ^ w kett * ^ r . B " taae ^ ° Gontal Gibson ( 1999 >- Differential gene expression 
in (^g metabolism: practicalities, problems and potential. Xenobiotica. 29(T> 6S5j?9\ apnm ° a - 

ESI ^ £ ?° Ck £ ° M BJ ( ^d^ wnght and 

CMW warns (1999). The quantitation of lipoprotein lipase mRNA in biopsies of human adLse 

? ' T g ^! P 01 ^^ Cham ^d the effect of increased coiumptionXs 

polyunsaturated fatty acids. European Journal of Clinical Nutrition, 53:441-447. 

(6) JC Rockett, DJ Esdaile and GG Gibson (1997). Molecular profiling of non-genotoxic 
ovogenesis usmg differential display reverse transcription polymerase chain Son (ddRT- 
?CBJ. European Journal of Drug Metabolism & Pharmacokinetics 22(4):329-33. 

(5) R ckett, J., I^rkin, K., Damton, S., Morris, A. and Matthews, H. (1997). Five newlv 

■ 4 nJ:? 0ek, * t ' S i Dan ! t0n ' J Cr0CkCT ' H R Matthews 311(1 A G Mo ™ (1996). Lymphocyte 
infiltration in oesophageal carcinoma: lack of correlation with MHC antigens ICAJ^l andLaur 
stage and grade. Journal of Clinical Pathology 49:264-267. and tumour 

(3) J C Rockett, S J Damton, J Crocker, H R Matthews and A G Morris 0995^ Fvnr^cion «f ut 
ABC and HLA-DR histocompatability antigens and intercellular a^^on mofecu^e^l m 
oesophageal carcinoma. Journal of Clinical Pathology 48:539-44. 

^t^^ff 3 *"? MOniS , A (1995) * 11,6 P revalence of diffe ™< human papillomavirus 

ziTo%^ is *» * « - w u«r 

(1) Salam M, Rockett J and Morris A (1995). General primer-mediated polymerase chain reaction 
for sunultaneous detection and typing of HPV in laryngeal carcinomas. CliZl OtotZg2gT 



'2) Articles Submitted To A Scientific Journal 

(4) John C. Rockett, Judith E. Schmid, Christopher J. Luft, J. Brian Garges M Stacev Ricci 

asss * h t?? ? avid j - Dix - Gene e ~ 

imertility in Rodent and Human Models. *An invited submission* 

(3] I Roger Ulrich, John C. Rockett, G. Gordon Gibson and Syril Pettit. Evaluating the Effects of 

^SnT ?p°f b f C ° n ^ Gene Ex P ression: A Collaboration Between Lboratories 
and a Comparison of Platform and Analytical Approaches. °°raiones 

^FZf ^ p p M Ha T CS ' ^ F Waring ' R °S« JoI1 y> *W* de Souza, Judith E 
IxS«n S ' g p ^ ^ ° John C Rockett - Clofibrate-Induced Gene 

Express»on Changes in Rat Liven A Cross-Laboratory Analysis Using Membrane cDNA Array? 



7 



(3) Articles In Preparation For Submission To A Scientific Journal 

disinfectant b>pLuct taaodtfSS: riT """^ 10 Wa,CT 

W B«»A Chapters 

Preparation. *An invited .^-.w,,* * 1116 Human Totowa. In 

80386-8 (2003) M» J^T " P '"" ISh,nS Gr0U P' L5ndon - N «» *<>*• ISBN 0-333- 

PP299-317 (2003). .2TZ?JS£r 8 *"»• ^ New ^ D.C., 

j i«e £*opnagus. Bologna: Monduzzi Editore, pp45-49 (1996). 
VOtHer Scientific Pubttcations (Letters to m,ors; Meeting Reports; Commentaries 
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(9B) Nazzarcno Ballatori, James L. Boyer, and John C. Rockett txmx p~,i~-*,- r> 
Genes. Environ Health Perspect. lll(6):871-5. (A Meeting Report) * 
(9A) Nazzareno Ballatori, James L. Boyer, and John C Rockett nrm\ Fv«w„- ^ 
Genes. EHP Toxicogenomics. lll(lT):61-5. (A Meeting Report) 
(8) John C. Rockett (2002). Surrogate Tissue Analysis for Monitorine the n,™ a t 

^4011.1-4011.3 (hnpy/Benomehmlo^^/^nV,,,,^ , „ ( f^ g 

(A Meeting Report) «™-l-«nD3 (httpM^^Mo^.c^nmu^u^ ^,,^ 

hl J fS C R °. Ckett , m ° 995) - fam,mC reCOgniti ° n molecu,es transforming growth factor 
beta_l m oesophageal cancer. Ph.D. thesis, University of Warwick, C^!££$!& 

6) Published Book, Paper and Website reviews 

295.2456-2459. GenomeBiology. 3(7):reports0034 zuu; 
http://genornebiQlnpYr o m /2002/l/7/r eP orts/0n^4/ 



9 



(8) John C Rockett (2001). A report on the manuscript: Genetic rescue of-an endangered mammal 
by cross-species nuclear transfer using post-mortem somatic cells. P Loi etal IS^Z^ 
2001, 19:962-964. GaiomeBiology, 3(l):reports0006. ' NatBloteckno1 , 

flittp^/eenomebiologv.coin /2001/3/l/Teports/000fi/^ - 

(7) John C Rockett (2001). A report on the manuscript: Molecular Classification of Human 
C^momas by Use of Gene Egression Signatures. A Su et al., Cancer Res. 2001 61 738^393 
^meB»ology,3(l):re^ 

(6) John C Rockett (2001). A report on the manuscript: Genetic evidence for two species of 

^ Recast al., Science. 2001 Aug 24;293(5534): 1 473-7. GenoL*^ 
Z(12).reports0045. (httpVAvww.genomebiolopv r.n m/2001/2/1 Wt 

bl^iSS^SSi • A T 11 ° n Ae ExtCnsive Polymorphism in the 

human CYP2B6 gene with impact on expression and function in human liver. T Lang et al 

Pharmacogenetics, 2001, 1 1(5):399-415. GenomeBiology, 2(12):reports0044 

(http://www.genomebio1np Y.com/200 1 17I\ 2/rerjorts/ftn^iA 

(4) John C. Rockett (2001). A report on the manuscript: Novel Human Testis-Specific cDNA- 
molecular Cloning, Expression and Immunological Effects of the Recombinant ProTem R 
Santhanam and R K Naz, Molecular Reproduction and Development 60 ™Sl) 
Genom C B,ology,2(ll):reports0040. (hm>:„ een «m^ nm , com/2noi nn , /r ^ lL^ 

http://www.eenomebio1opY com/2001 /?/Q/reDorts/2m 1 / 

(2) John C. Rockett ^001). A report on the manuscript: Exploring the DNA-binding specificities 
of zinc fingers with DNA microarrays. ML Bulyk et al., Proc Natl Acad Sci UsTim 98 71 58 
7163. Serology, 2(10): reports0032. totto:!,*™^^ nn^£™T, 

rr J R , 5? u , B °° k ReViCW ° n: " Ce " Adhesion ™* dancer" (Eds., Hogg N and Hart H 

Cluneal Molecular Pathology 49(1):M64. * An invited suh^i^* 8g ™* L * 

7) Published Abstracts of Poster and Oral Presentations 

SS^Sl nIT ?5 JUdith E - Schmid ' Cam,en Wood ' H"**" Ren » Deborah S 

wfc ' p D C MichaCl G - Dou S ,as C - Wolf Douglas B 

Tu y, Davui J. D x Gene Expression Profiling in Testis and Liver of Mice to Identify Modes of 

£Z ^eJ°? Clt,eS - S ° Ciety ° f T ° xic0l °gy ^ feting, March il«-25* 2004 
Baltimore, MD, USA. Toxicological Sciences. (Submitted) ^,^U4, 

(16) Jane Gallagher, Theresa Lehman, Ramakrishna Modali, Scott Rhoney, Marien Clas Jeff 
Inmon, John C. Rockett, David Dix, Cindy Mamay, Suzanne Fenton, Suzanne McMasTer, Sum 



10 



Barone Jr, Pauline Mendola and Reedcr Sams. Validation of Non-hvasiveBioloirical Samnles- 
Pilot Projects Relevant to the National Children Study. Society of Toxiwlo^ 43^^m^tin P . 
March 21«-25*, 2004, Baltimore, MD, USA. lexicological Sciences. (Subn^tted) & 

(15) B.S. Pukazhenthi, J. C. Rockett, M. Ouyang, D. J. Dix, J.G. Howard, P Georeonoulos. W J J 

(14) David J. Dix and John C. Rockett (2003). Genomic and Proteomic Analysis of Surroeate 
Tissues for Assessmg^ Toxic Exposures and Disease States. Innovation Z 
^nposium entitied "Genomic and Proteomic Analysis of Surrogate TissuJforVs ^g gxic 

sTK^^ 

Applied Toxicology Symposium entitled "Genomic and Proteomic Analysis ofSurrTatTrZZ 
March 9 -13 , 2003, Salt Lake City, UT, USA. lexicological Sciences 72(S-1):276. 

no^°F^t B ' ^ ^ Luft > John C. Rockett, Judy E. Schmid and David J Dix 

(2002). Effects on gene expression in testes from adult male mice exposed to the water disinfectant 

^ S ° Cietyf0r tke of Reproduction 35'" Tnn^^TZ 
28-31. 2002. Baltimore. Maryland. USA. Biology of Reproduction 66 (Supp 1):223 ' 

Da^ili r"^? E n Th0m P. S0n ' John C Roc kett, Judith E. Schmid, Robert J. Goodrich, 

nrofif^t' S," ° Ste T ,er Md StCphen A - < 2002 )- Testi * »d spermatazolaRNA 

»T* fe ?j e "f 0, &C, Wor tfte 5te* of Reproduction 35 th Annual MeetinT2v28 
31. 2002. Baltimore. Maryland. USA. Biology of Reproduction 66 (Supp 1): 1 94. 

^ a i'H 0Ud f' J ,° hn C R ° CketU DaVid 1 Dix md Kwan Hee (2002). Identification of 
rednoic acd induced genes in mouse testis by cDNA microarray analysis. 21* Annual MeZg of 
the American Society ofAndrology, 4/24-27/02. J. Andrology Supplement March/Aprih * 

^i?? w?° Cket ^ * ob .?/-^ vlock . Christy Lambright, Louise G. Parks, Judith E. Schmid 

Id mel F J ' V X f° ° 2) - ^ ° f DNA ^ t0 " * ene expressionbbld 

Sl^T ^ 8 ^ ^ f ° ll0Wmg I7 -P- estradi °l «P°sure - a new approach to 

AbsTt S SniPt,n8 ChCmiCalS SWTOgate tiSSU6S - ^X-/ 66(1): 

2toS£ ^ P, d . J r 0hn C R0CkCtt (2 ° 02) - Gen ° mic ^y 515 of testicu ^ toxicity of 
haloacetic acids. Platform presentation at the symposium, "Defining the cellular and molecular 
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(1) JC Rockett, SJ Damton, J Crocker, HR Matthews and AG Morris (1 9941 M a ;«. 



A*; Invited Oral Presentations 



(10) John C. Rockett and Gary M Hellmann 7V, 

that is the guestion. Senunar for EP^S^ da "» ~ 

forum, August 25 th , 2003, RTP, NC, USA^ Proteoimcs Committee's ArrayQA 

(9) John C. Rockett "Biomonitoring Toxicant ExDosure and Ftr^t rr*- t ■ 
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SoT 42 nd Annual Meeting symposium entitled "Genomic and Proteomie Analysis of Surrogate 
Tissues for Measuring Toxic Exposures and Drug Action", March 9*-13*, 2003, Salt Lake City 
UT, USA. * 

(6) John C. Rockett "A Toxicogenomic Approach to Surrogate Tissue Analysis". Seminar for 
Department of Environmental and Molecular Toxicology, North Carolina State University 
September 3 , 2002, Raleigh, NC, USA. university, 

(5) John C. Rockett "Differential gene expression in toxicology: practicalities, problems and 
potential . Platform presentation at Annual Mount Desert Island Biological Laboratory 
Environmental Health Sciences Symposium: Exploiting Genome Data to Understand the Function 
Regulation and Evolutionary Origins ofToxicologically Relevant Genes, July 10*-1 1* 2002 
Salisbury Cove, Maine, USA. y 

(4) John C. Rockett, Leroy Folmar, Michael J. Hemmer and David J. Dix. "Arrays for 
biomonitonng environmental and reproductive toxicology". Platform Presentation at Macroresults 
Through Microarrays 3 - Advancing Drug Development, April 29*-May l w , 2002, Boston, MA, 

(3) John C. Rockett, Sigmund Degjtz, Suzanne E. Fenton, Leroy Folmar, Michael J. Hemmer, Joe 
E Tietge, and David J. Dix. "Use of DNA Arrays in Environmental Toxicology". Platform 
presentation at the ✓ Annual Lab-on-a-Chip and Microarrays for Post-Genomic Applications 
meeting, January 14 -16 , 2002, Zurich, Switzerland. applications 

^KkS^SSx^*^' Semfnarat£ ^ Molecular Biology Course, April 8*. 1999, 

(1) John C. Rockett. XontractServices for Array Applications". Seminar at the Triangle Array 
Users Group, May l fl , 1999, CUT, RTP, NC, USA. y 



(9) Other Poster and Oral Presentations 

Hon£, h J!£ f °a C %v B 1 i °' Ch ^ R - BlySt ° ne> K - Goet2 ' Rachel N - Murrell, 

Hongzu Ren, Judith E. Schmid, Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson and David 

L Dix. Gnomic Analysis ^of Surrogate Tissues for Assessing Environmental Exposures and Future 

Disease States. E5I-HESI meeting: Toxicogenomics in Risk Assessment - Assessing the Utility 

Challenges, and Next Steps. June 5 -6 , 2003, Fairfax, VA, USA. 

(22) John C. Rockett, Wenjun Bao, Chad R. Blystone, Amber K. Goetz , Rachel N. Murrell 
Hongzu Ren, Judith E. Schmid, Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson and David 
J. Dix. Gnomic Analysis of Surrogate Tissues for Assessing Environmental Exposures and Future 
Disease States. EPA Science Forum, May S*-7* 2003, Washington, D.C., USA 
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(21) Gennaine Buck, Courtney Johnson, Joseph Stanford, Anne Sweeney, Laura Schieve, J hn 
Rockett, Sherry Selevan and Steve Schrader. Prospective Pregnancy Study Designs for Assessing 
Reoroductive and Developmental Toxicants. American Epidemiology Society Meeting, March 27 - 
28 , 2003, Atlanta, GA, USA. 

(20) John C Rockett, Chad R. Blystone, Amber K. Goetz, Rachel N. Murrell, Hongzu Ren, Judith 
E. Schmid, Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson, Doug B. Tully, Paul Zigas 
and David J. Dix. Genomic Analysis of Surrogate Tissues for Assessing Environmental Exposures 
and Future Disease States. National Children's Study Assembly Meeting, December 16^-18* 2002 
Baltimore, MD, USA. 

(19) J hn Rockett The Use of Gene Expression Profiling to Detect Early Biomarkers of Adverse 
Effects Prior to Clinical manifestation. National Children 's Study: Meeting of EPA Project Leaders 
-Methods Development Projects. November 20 th , 2002, USEPA, RTP, NC, USA. (Oral 
Presentation) 



(18) GC Ostermeier, RJ Goodrich, K Thompson, J Rockett, MP Diamond, K Collins NICHD 
Reproductive Medicine Network, DJ. Dix, D Miller and SA Krawetz. Defining the s^ermatozoal 
RNA population m normal fertile men. American Society of Reproductive Medicine October 12-17 
2002, Seattle, WA, USA. 

(17) G. Charles Ostermeier, Robert J. Goodrich, Kary Thompson, John Rockett, Michael P 
Diamond, Karen Collins, NICHD Reproductive Medicine Network, David J. Dix David Miller and 
Stephen A. Krawetz. RNAs isolated from ejaculate spermatozoa provide a noninvasive means to 
investigate testicular gene expression. Gordon Conference on Mammalian Gametogenesis & 
Embryogenesis, June SO^-July 5 th , Connecticut College, New London, CT, USA. 

(16) David Dix, John Rockett, Judith Schmid, Lillian Strader, Douglas Tully. Genomic analysis of 
testicular toxicity. USEPA/NHEERL/RTD Peer Review, October 22 nd , 2001, RTP, NC, USA. 

(15) David Dix, John Rockett, Judith Schmid, Douglas Tully. Monitoring human reproductive 
health and development through gene expression profiling. USEPA/NHEERL/RTD Peer Review 
October 22 nd , 2001, RTP, NC, USA. review, 

(14) Patrizio P, N Hecht, J Rockett, J Schmid and D Dix (2001). DNA microarrays to study gene 
expression profiles m testis of fertile and infertile men. 57th Annual Meeting of the American 
Society for Reproductive Medicine, October 20*-25 th , 2001, Orlando, FL, USA. 

(13) Jimmy L. Spearow, Dale Morris, Uland Wong, Rashid Altafi, Saeed Eteiwi, Mark Stanford 
Trevor Stearns, Lorena Orozio, Angela Chen, John Rockett, Douglas Tully, David Dix and 
Marylynn Barkley. Genetic Variation In Susceptibility To The Disruption Of Testicular 
Development And Gene Expression By Pubertal Exposure To Estrogenic Agents. Third Annual 
University of California at Davis Conference for Environmental Health Scientists, Disruption of 
Developing Systems and Advances in Therapeutic Approaches August 27 th , 2001, UC Davis, CA, 
USA* 
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( f ^ ^ KhaMae ^ Rockett JC ' Suarez JD, Roberts NL and Rogers JM (2001) Effect 
of gestational expsore to ethane dimethane sulfonate (EDS), bromochioroacetic acid Sand 
mohnate on reproductive function in CD-I male mice. North Carolina Society of Toxicoh^ Winter 
Meeting, March 3 rt , 2001. NIEHS, RTP, NC, USA. toxicology winter 

(11) David Dix, John Rockett, Leroy Folmar, Michael Hemmer, Sigmund Degitz. and Josenh 
Tietge (2001). Biomonitoring the Toxicogenomic Response to EndoSne Di^^ emtls in 
Humans, laboratory Species and Wildlife. U.S. - Japan International Works^forEna^ne 
£>wn V /jngacinicaZs,Febraary28*-March3 ri ,2001,Tsiikuba,Japan. ^aocnne 

J Dk J Da^W5^n Fa ^ L *T rian u Gar * es * J - Christ °P^ Luft, Chisato Mori and David 
J Dix David Dk (2001) The effects of hyperthermia on spermatogenesis, apoptosis, gene 
expression and ferUhtyu^ adult male mice. Triangle Consortium for Reproductive Biology Annual 
Meeting, January 27 , 2001 , RTP, NC, USA. ^ Annuai 

rfSSSfl ^•jSTT J B ' JC ^ Id2erda *• ( 200 °)- Testosterone Regulation 

20^^ 

(8) J R ckett, J Luft, J Garges, M Ricci, P Patrizio, N Hecht and D Dix (2000) Usine DNA 
rmcroarrays to characterise gene expression in testes of fertile and inferti e humans Zl mice 
Functional Genomics & Microarray Data Mining, August 3 rt -4th* 2000, DurfJm! NC, USA. 

tu^^T^V^^! HCCht ' m ?**% ° J DiX (2 ° 00) - Gene Ex P--n in 
me Mammalian 1 estis. 5 NHEERL Symposium, June 6*-%*, 2000, RTP, NC, USA. 

(6) J Luft, J B Garges, J Rockett and D Dix (2000). Male reproductive toxicity of 
2^R^QUSA m 2m NIEHS/NTA Bi0 ™ dic ° l ^ience and Career Fair, April 28* 

(5) R ckett JC, S Ricci, P Patrizio, NB Hecht, JB Garges and DJ Dix onnm r™» c • • 
^ Mammalia, Testis. Molecular Toxicolog}, 

Applied to Drug Discovery meeting, January ll^-lS* 2000,Santa Fe.NM, USA. 

(4) JC Rockett and DJ Dix (1999). Development of DNA arrays for the analysis of testis-expressed 

genes m humans »d mice >~™e 8th Annual National Health and Environment^ 

Laboratory Open House. November 2 nd -3 Pd , 1999, RTP, NC, USA. research 

(3) JC Rockett, DJ Esdaile and GG Gibson (1997). Molecular profiling of non-eenotoxic 

STEM reVeiSe ^ erase cha * S ddRT- 

S^^S^ April 19--22-, 1998, University of Surrey, 

(2) JC Rockett, DJ Esdaile and GG Gibson (1997). Molecular profiling of non-genotoxic 
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carcinogenesis using differential display reverse transcription polymerase chain reaction (ddRT- 
PCR). Poster presentation at Symposium on Drug Metabolism: Towards the next Millennium. 
August 26 tt -28™ 1997, London King's College, London, England. 

(1) J Rockett, S Damton, J Crocker, H Matthews and A Morris: Major Histocompatibility Compli 
(MHQ class I and H and Intercellular Adhesion Molecule (ICAM>1 expression in oesophageal 
carcinoma. Oral presentation ai The 6th World Congress of the International Society for Diseases of 
the Esophagus, August 23 n, -26*, 1995, Milan, Italy. J J 
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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA Immunodeficient Patients 

Claudio Bordignon,* Luigi D. Notarangelo Nadia Nobili 
G.ul.ana Ferrari, Giulia Casorati, Paola Parn'na^ ^eKna^asolari 
Daniela Maggioni, Claudia Rossi. Paolo ^rvida 
Alberto G. Ugazio, Fulvio Mavilio 

used to transfer ex vivo the human ADAmbE«S5T J« " ,m T9bmnl V8Ctore ^ 
blood lymphocytes from two^Z^Snl «° t^^L P^P^ 
apy.Aft.r2 years of treatmenn^^^Tf^!! 1 ? "^» r w« «f«yme replacement ther- 



^praa axaofP fldATP. Myt^lSJlS^ . 
nad ou aooordhg to tha raaructtans of ths manu- 



Sevwe combined immunodeficiency &5so- 
tiated with inherited deficiency of ADA 
(J) is usually fatal unless affected children 
« kept in protective isolation or the inv 
mime system is reconstituted by bone mar. 
row transplantation from a human leuico- 
cyte antisen (HLANdentical sibling donor 
[2). Ihu is the therapy of choice, although 
it a available only for a minoriry of patients. 
In recent yean, other forms of therapy have 
been developed including transplants from 
r^loitotical donors (3,4) » exogenous en- 
nrme replacement (5), and somatic-cell 
gent therapy (6-9). 

-j "P 0 " 6 ** a Preclinical mod- 

a tn which ADA gene rransfer and expression 

J»»[« rjsasi!. OBTT, Sdamteo H. S. Ra». 

&mtii. tjpy^ ^**«nwy of frasca Macteat School. 

&C*X^i^*kTtt u uJm nj t. rjTBrr, WttutoSci. 
«n«*co K S. O a rta a ^ Mian. lUry. 
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successfully restored immune functions in hu- 
man ADA-defictent (ADA") peripheral 
blood lymphocytes (PBLs) in mununodefi- 
cient mice in vivo (10, III On the basis of 
these preclinical results, the clinical apphca- 

^ A ^J^ , d * nipy ^ ^ traonent of 
AUA 5QD (severe combined mununodefi* 
ctency disease) patients who previously railed 
exogenous enryme replacement therapy was 
approved by our Institutional Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioeihics (12). In addition to evaiuat- 
tng the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
the relative role of PBLs and rwnatopoietic 
stem cells in the long-term reconsurudoD of 
immune functions after retroviral veaoT-me- 
dated ADA gene transfer. For this purpose 
two structurally identical vectors expressing 
/ nv,.^ ADA <^<meruary DNA 
(cDNA), distinguishable by the presence of 
alternative restriction sites in a norifuncrional 
Jffj°f x ^ thc viral *»u>teraiinal repeat 
(LTR), were used to transduce PBLs and bone 
marrow (BM) cells mderjendently. This pro- 
cedure allowed identification of the origin of 
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subsequent to xenobiotic challenge Such irJor^n K CnVUOnmental oandhia. or 
deciphering of molecular Pathways*^ fc^^ Coding the 

and diagnostic procedures. However th, «T^.« t aev _ eJo P me ™ of new experimental 
perhaps y»tco a ^ nB ^^S^^^^ huntmg should be forgiven for 
almost as many methods of ^S^^^S^ *« «««■ » be 
groups using the technique. unerenuaily "Pressed genes as there are research 

anal^dtemtS^ 

some of the practical aspects of jS^S^S!^^' ^luded is a discussion on 
'open' systems, which require no u£* r £ m P has,s B P^ced on the so-called 

model Whilst these ^SSSg^SSS ZkJ™ ~ L d * e 
^^othexeonmoiJyOTdSkbS^.S,,^ ^.f™ ™ the study of human, 
those exarnining less fashionable modds ^ ^ reimm 8 powerfuJ to °l *»' 

idei^* iSSSS^" 1 ^ ^bridization is exemplified in the 
barbital, a well-Jo^uTr 3^-=.^.^^ ^ " PW 

■to^^y^*^^ - 0h — P^orm for building Varies and 
xenobiotic toxicants, whTcn mavT^ chara " en f ,c of l»o«n enzyme inducers and 
characterization of xenobiotics of unknown biological properties 01 C ^ cnt ^ cat ^ on 

Introduction 

compared «o their o^SrS^^S"/'?^ " the «"» 
Such changes also occur in . „ ' , Kle,n - l f and Van Hegningen 1 998). 

organisms (Rohn Im^ZTJI™ G^' "ft? miCI °- 
1998) and xenobiotics (SewauX 19o< n Gnffin , a " d 1 ^nshna 1998, Lunney 

1998), as well as durirL aThLT' ' D ,° 8ni " " L 1998 ' Ramana >" d Kohli 
Rudfa MdTZ^ 1 tm^£ZT\2 l UndifiFeren,ia " d «H« (Hech, 1998, 
medical and k^di W ? T UIy " ^ 1998 >' The P 0 "^ 

occur mr y S^ P cT^t f m ^ dl1 * the molecular <*»««• ^ich 
enormous. SuVpro^ =^^5^ M^-" 

' ^HaS^uS^ 1 - e - nHil: 8-8ibson@surrey.ac.uk " 

Effects, Research I-hJ^. rSStSS fiS^' N R ationa i. H "^ »«« Environmental 
USA. H ravc 1 03ac °wgy Division, Research Triangle Park NC 27711 

t ^one-PouleiKAgrochemicals, Toxicology Department, Sophia-Antipolis. Nice, Prince 

^^J^^"*™'^ MJJM» on.i« • .999 T. ylw * FrlBei Ud 
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cell's development or response and should neb in the .|.«-M.b_ t 

exposure «o cenam classes of chemicals «h«.re enzyS U £ amet > m ~ 

*e^X,Se£^^^^^ 

proteins which maybe ero^thTXT^ f "f' bUt addirional ceBuhr 
development of meWdoU* "d«tit ° f ' ndu ,f 0,1 Accordingly, the 
that are either „p. or down^wlated b^, ™ »n>Pl™ent of genes 

knowledge to undersS JttT "J* d « d °P""» «* 

and how mis relatesT drus S SitT^ mcd ™*™ of enzyme induction 
toxicity, i, is now b^^iSSr^t^ta *^f chemical-induced 
dross and chemicals are th* i ?7 ,0US 11131 most adverse reactions to 

causd and soToT^c^ of *hid. are 

- This observation h*7e?to^^^^^ 

which differentiate between the^^^ J Sf^^ Pro ^ techn <*>gi« 
and is, therefore, of value in SSt"^ genepools m target tissues 
induced ^^.K aov ^^^^^^ m ^^ ofxenobiotic 

not solely an academi ^^^^^'^^^^^^ 
PH™*^^^^^ » the 

drug candidates, thereby shortenina , , y identlficat,anoftoxic 

substantially to the ^S^^^^gS St™*"* 
m response to say a testicular toxin that K™ if u^^ P ^ " ,he gene P rofile 
determined in the testis, ftl ft™ 3£ TwnuTdT "• charactenzed *™couId be 
candidates which aa vi ,h! so^f™?^ re P reSenm,ve of «" new ^8 
providing a useful and Sher^fa^lT ^ "J"*™"! <* "amy, ftereby 
Whereas it would be mftS- wf.£ , " d ?, eC,10n of KMd < an *- 
up/down regulated by^u~c^cTist 0 ulT ^ " d *" ,ai « B » ° f »< *™* 

momentum, in that several biotechnnl«™ ™ approaches are beginning to gain 
'gene chip?' or 'gene a™s> Tat Z f COmpan,es are commercially producing 
xenobiot^Th^ * r «™*y assessment^ 

degenerate in the sense tS^ !! °ii , ,t reds /thousands of genes, some of which are 
onl toxicologic to any 

screening, they are maturing at * subL™ i P In broad -spectmm 



f^Sel^ *~ r etic chane * » • 

^^^^ 

develo/ed which S ^en"^^^^ 



Differential gene expression 6S7 

altered expression in cells of one population compared to an ther These method* 
have been used to identify differential gene expression in many^adT inc fi£ 
invadmg pa hogemc microbes (Zhao et al. 1 998), in cells respond^o^ceutS 
and intracellular microbial invasion (Diiguid and Dinauer 1 990 *nZ?T7u£? 
Maldarelli et al loo»^ ;„ „k • « . ^mauer ivyu, Kagnovr al. 1997, 

iwaiaareiii ei ai. iyvs;, m chemically treated cells fSv#d 01 »i 100-7 r> 1 , 

1999), neoplastic cells (Liang et al 1992 rt / ^ ' R ° Ckctt * a/ * 

activated cells (Gurskaya^7l996 Wan l/J T igQ g M a ^ Ter " ghi - H ° We ! " 8) ' 
al. 1991, Guimaraes « <rf 199 ll b) Z J' 199 ^^^ cells (Hara et 
Hedrick «r */. 1984, ^ ^1^1^ ^^ ^ (DaVis " ^ 1984 ' 
technologiesareappl^let^to?/^ 

advantage is that, in most cases, ^^^^^J^^ 7°^ 
which are up- or down-regulated is required knowledge of the specific genes 

man^tec^^ -P* 

several methodological approachesZlud^ " " * Categ0med int0 

(1) Differential screening, 

^ ^iTb^^SL?^ (inClUdCS mCth0ds SUch - cHemical cross- 

LS ' su PP re *s 10 n-PCR subtractive hybridization- 
' representational difference analysis-RDA) "^"diration- 
(3) Differential display (DD) '* 

(5, G r ^ Jo„°'7;,:tf d ene express,on s-^n 

(6) Expressed sequence tag (EST) analysis. 

J£?;™T^™jr"zi H uccess,ul,y ,o , isoia,e 

subtle (and sometimes not so subtit cT, ™, HoV " v "' each » own 

and disadvantages. Acco Z"v s A. „ u ' ""fir"' v " io ° s 
mechanistic principles underiytoL I?*??? °" ° ' h ' S " V " w 10 ^ *« 

sequences and, therefore are useful . , y Knowledge of gene 

empJs^orn^ 

Differ ntial cDNA library scr ening (DS) 
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hybridisation', which m used to isolate galactose-inducible DNA moum». f 
ye«t. Th theory is simple: , genomic DNA library a l^tl l™'" '"T 
unstimulated cells of the t«, organism/tissue and muZTut, Z^™* 
prepared. These replica blots are probed 4th MoJ^^SSZSi 
complex cDNA probes prepared from the control and test cell m B i • 

Those mRNAs which are differentially "pressed uTthe^eattd^e^p^p^uIationwfli 

multip.e Mo*, thereby ^tSX": ^ 
regulated under certam conditions. For cample, St John and Davis (1979) screened' 
rephca filters w,th acetate-, glucose, and galactose-derived probes in orde, u obclta 
genes ^ducedspecmcally by galactose metabolism. Although groundbre,kLfai« 
tune th,s method „ now considered insensitive and time'consum" as l t o 2 
months are requu-ed to complete the idemificstion of genes which™" d»ereL?.lv 
pressed m the test population. In addition, there is'no convenient tfy T^l 
that the procedure has worked until the whole process has been completed 

Subtractive Hybridization (SH) 

The developing concept of differential gene expression and the success of earlv 
approaches such as that described by St John and Davis (1979) soon SvTrise to I 
search for more convenient methods of analysis. One of th first to be developed was 
SH, numerous variations of which have since been » nn r,.^ u I 1 a ™ oped was 
this approach involves hybridization of mRN A /cDNA from one ^ , In 
to excess mRNA /cDNA fro™ u / j • m one P°P ula tion (tester) 

unhX"«d^s^ "P-tion o, the' 

sequences. This step has been T/^ZT™ 
of selective polymerase chain reaction (p'cR) technique^ " °" 8h *' 

Physical separation 

of hv ) h i ^ al r btraCtiVe hyb " di2ation technology involved the physical separation 
of hybridized common species from unique single stranded species SeZlZ7ho2 

D^ir de r b h ed ' inciuding ^r^M^^ 

and^ - Di-uer 19^ 

mRNA species are removed by cDNA (fVonl test ceHs) mRNA !? pro ' <~ 
suWivehybridiza^ 

Z iTt" J ad u° rbS cDNA - R NA hybrids. The unabsorbed cDNA i 
then used e.ther for the construction of a cDNA library of differentially expressed 
genes (Sargent and Dawid 1983, Schneider et al. 1988) or directly Z ? 
screen a preselected library (Zimmerman et al. 1980, DavL et Hd " 

1984). A schematic diagram of the procedure is shown in figure 1 

Less rigorous physical separation procedures coupled with sensitivity enhancing 
PCR steps were later developed as a means to overcome some of Z probZs 

mm? ^ ° XyapatitC Pr0CCdure - For «-»P>«. Daguid and Sn aue 

(1990) described a method of subtraction utilizing biotin-affin ty systems as a mL ns 

^Tn^SI^T $eqUenCeS - ^ thfS Pr0CCSS « ^^rcontroTand 
tester mRNA populations are first converted to cDN A and an adaptor ( ' oligovector \ 



Differential gene expression ^ 
Control (driver) mRNA Tester (test) cDNA (1st sfraid) 




Mix (ratio >35:1) 4 hybridize 

-AAAA 




Hydroxyapatite chromatography — > RNAxDNA hybrids removed 



Unhybridized 

cONA (differentially expressed) 
and mRNA 




Enriched, differentially expressed cDNA 



Produce clones Label directly and probe library 

Figure 1. The hydroxyapatite method of subtractive hybridization. cDNA derived from th« 
treated/altered (tester) population is mixed with a large excess of mRNA from ST^TL w?- ! 
population. FoUowing hybridization. mRNA-cDNA hybrids aTe^removed by h^dToxyapaj^te 
chromatography The only cDNAs which remain are those which are differentially ^eSSK 
Ae treated/altered population. In order to facilitate the recovery of full length clones malfcDNA 
fragmeno are removed by exclusion chromatography. The remaining cDK As Z S£J£ 

r?^l%rp r K ti0n u Sit J e) ligatCd 10 b ° th Sides - Both P°P"l"ions are then 
amplified by PCR, but the driver cDNA population is subsequently digested with 
the adapt r-contaimng restriction endonuclease. This serves to cleave the oligo- 
vector and reduce the amplification potential of the control population. The digested 
control population is then biotinylated and an excess mixed with tester cDNA 
Following denaturation and hybridization, the mix is applied to a biocytin column 
(streptavidin may also be used) t remove the control population, including 
heteroduplexes formed by annealing of common sequences from the tester 
population. The procedure is repeated several times following the addition of fresh 
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Control (driver) mRNA 

WWI 



Test (tester) mRNA 

-AAAA 
■AAAA 



| Anneal mRNA to polydTx latex beads 

••••••• •••••• 



AAAA 

^ cDNA synthesis 



Mix and anneal 



AAAA- 



AAAA 



•to 



AAAA 



I 

Centrifuge beads, collect and store supernatant, 
dissociate polyA, reapply supernatant 



AAAA 



AAAA 



Tester-specific mRNA retrieved after 
4 rounds of hybridization 



cDNA synthesis 

Ligate adaptors and insert into vector 
ir 

Sequence inserts and/or carry out 
other downstream applications 

Figure 2. The use of oligodT^ latex to perform subtractive hybridization. mRNA extracted from the 
control (driver) population is converted to anchored cDNA using polydT oligonucleotides 
attached to latex beads. mRNA from the treated /altered (tester) population is repeatedly 
hybridized against an excess of the anchored driver cDNA. The final p pulati n of mRNA is 
tester specific and can be converted into cDNA for cloning and other d wnstream applicati ns, as 
described by Hara et al. (1991). 
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contr 1 cDNA In order to further enrich those species differentially expressed in 
the tester cDNA, the subtracted tester population is amplified by PCR following 
every second subtraction cycle. After six cycles of subtraction (three reamplificatioJ 
steps) the reaction mix is ligated into a vector for further analysis 

In a slightly different approach, Hara et al. (1991) utilized a method whereby 
ohgo(dT ) primers attached to a latex substrate are used to first capture mRNA 
exttacted from the control population. Following 1st strand cDNA synthesis, the 
RNA strand of the heteroduplexes is removed by heat denaturation and centri- 
fugal (the cDNA-oligotex-dT, forms a pellet and the supernatant is removed . 
A quantity of tester mRNA is then repeatedly hybridized to the immobilized control 
(driver) cDNA (which is present in 20-fold excess). After several rounds of 
hybridization the only mRNA molecules left in the tester mRNA population are 

ttrrI e , c C L ar ^RNA f ° Und d f W cDNA - oIi g°<«-<iT3o Population. These 

tester-specific : mRNA species are then converted to cDNA and, following the 
addition of adaptor sequences, amplified by PCR. The PCR products are then 
hgated into a vector for further analysis using restriction sites incorporated into the 
PCR primers. A schematic illustration of this subtraction process is shown in figure 

However, all these methods utilising physical separation have been described as 
inefficient due to the requirement for large starting amounts of mRNA, significant 
loss of material during the separation process and a need for several rounds^ 
hybridization. Hence new methods of differential expression analysis have recently 
been designed to eliminate these problems. recenuy 



Chemical Cross-Linking Subtraction (CCLS) 

In this technique, originally described by Hampson et al. (1992), driver mRNA 
is mixed w,th tester cDNA (1st strand only) in a ratio of > 20 1 The com man 

TTT^Z f NA -r RNA h ' b " d *. ^-ing the tester specific spect a ^le 
landed I cDNA. Instead of physically separating these hybrids, they are inactivated 
chemically using 2,5 diaziridinyl-l ,4-benzoquinone (DZQ). Labelled probes are 
Aen synthesized from the remaining single stranded cDNA species (unreacted 
mRNA species remaining from the driver are not converted into probe material due 
to specmaty of Sequenase T7 DNA polymerase used to make the probe and used 
to screen a cDNA library made from the tester cell population. A schemat c diagram 
of the system is shown in figure 3. 

1 J\™ f r SH r n th8t "Passed sequences can be enriched at 

east 300-fold with one round of subtraction (Hampson et al. 1992), and that the 
technique should allow isolation of cDN As derived from transcripts that are present 
at less than 50 copies per cell. This equates to genes at the low end of inte m d "e 
abundance (see table 1). The main advantages of the CCLS approach are that it il 
rapid, technically simple and also produces fewer false positives than other 
deferential expression analysis methods. However, like the physical separation 
protocols a major drawback with CCLS is the large amount of starting mate ia" 
required (at least lO^g RNA). Consequently, the technique has recently been 
refined s that a renewabe source of RNA can be generated. The degenerate random 
oligonucleotide primed (DROP) adaptation (Hampson et al. 1996, Hampson and 
Hamps n 1997) uses random hexanucleotide sequences to prime solid phase- 
synthesized cDNA. S.nce each primer includes a T7 polymerase promoter sequence 
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Control (driver) mRNA 



-AAAA 
-AAAA 



mRNAxDNA hybrids 



"AAAA 
"AAAA 



1st strand cONA synthesis 
followed by alkaline hydrolysis J 




TTTT 



Mix and anneal 



T 



-AAAA 



Unique cONA species 



Hybrids are cross-linked 



Cross linking agent 
(DZQ) added 



xxxxxxxxx 



■AAAA 
-TTTT 



i 



Probes synthesised from single stranded cDNA 
species and used to probe cDNA library 

DNA polymerase, which lacks r^ise o-anscrinwli. ™ *T r quence " Usin * Sequenase 2.0 
remaining mRNA molecules f£X d^ffi^E? ' d °« not " a « the 

library for clones of differentially enS 'J? J f° beS are * en used to s =«« « cDNA 

pennisrio ^ rennauy expressed sequences. Adapted from Walter et al. (1 996) with 
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at the 5 end. the final p ol of random cDNA fragments is a PCR-renewable cDNA 
population which is representative of the expressed gene pool zndZ bt u^dt 
synAesue sense RNA for use as driver material. Furthermore " th?fin al pool f 
random cDNA fragments is reamplified using biotinylated T7 primer and Com 

Ae a l?DR^^ U "/ S SinCC b ° th t3rget Md drivW " n be aerated frZ 

the same DROP product, subtraction can be performed in both directions (i.e. for 
up- and down-regulated species) between two different DROP products. 

Representational Difference Analysis ( RDA) 

■ RD ,t ° f C P!? A (Hutank 3nd Schm 1994) is an «^sion of the technique 
originaUy applied to genomic DNA as a means of identifying differed j between 
two complex genomes (Lisitsyn et aL 1993). It is a process of 
amplification involving subtractive hybridization of the tester in the presence of 
excess driver. Sequences^ the tester that have homology in the driver are 
rendered unamplifiable, whereas those genes expressed only in the tester retain the 
ability to be amplified by PGR. The procedure is shown .iemrtc^S^? 

In essence ^driver and tester mRNA populations are first converted tocDNA 
and amplified by PCR following the ligation of an adaptor. The adapts " e then 
removed from both populations and a new (different) adaptor l^ated to the 
amphfied tester population only. Driver and tester populations are next melted and 
hybndzzed together m a ratio of 100:1. Following hybridization, only 

mTbo y tSr enT H ^ i " ^ ° f * e DNA d ^ -d'can.Vus be filled 
in at both 3 ends^Hence, only these molecules are amplified exponentially durine 
the subsequent PGR step Although tester: driver heterohybrids are present they 
only amplify m a linear fashion, since the strand derived from the driver ha „o 
adaptor to which the primer can bind. Driver:driver heterohybrids have no 
adaptors and therefore, are not amplified. Single stranded molecules are d gested 
with --g bean nuclease before a further PCR-ennchment of the xlstcr ^r 
homohybnds. The adaptors on the amplified tester population are then replaced nd 
the whole process repeated a further two or three times using an increasing excess of 
dnver (Hubank and Shatz used a tester:driver ratio of 1-400 1 -800^0 
1:800000 for the second third and fourth hyMMon.*'^*^^ 
adaptors are hgated to the tester between successive rounds of hvbriLatbn and 
amplification to prevent the accumulation of PCR products that might interfere wTth 
subsequent amplifications. The final display is a series of differentially exprelsed 
gene products easily observable on an ethidium bromide gel ex P re *sed 
The mam advantages of RDA are that it offers a reproducible and sensitive 
approach to the analysis of differentially expressed genes. Hubank and Schatz (1994 
reported that they were able to isolate genes that were differentially exoressed in 
substantially less than 1 % of the cells from which the tester T^Z ^Z 
mam drawback ,s that multiple rounds of ligation, hybridization, amplifiation and 

S r; 7 mred> Th v 6 Pr0CCdUre theref ° re » len ^ hier than'many other 
differ ntial display approaches and provides more opportunity for operator-induced 

error to occur. Although the generation of false positives has been noted, this has 

been solved to some degree by O'Neill and Sinclair (1997) through the use o HPLC 

purified adaptors^ These are free of the truncated adaptors which appear to be a 

major source of the false positive bands. A very similar technique to RDA, termed 

linker capture subtraction (LCS) was described by Yang and Sytowski (1996 
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i Digest with restriction enzyme | 



I Ligateto j 

▼ dephosphorylated J, 



12/24 adaptor 
strands 



^ Melt12mer J, 



I Fill in 3' ends (Taq), add i 
* primer ( )and J, 



amplify 



| D&wl I Digest and ligate 

▼ new 12/24 adaptor 



Mix 100:1, melt and hybridize 



T 



Rll in ends, add primer ( — ) and amplify 

J J i 

bnear amplification Exponentiaj amplification No ampliation 

ssDNA molecules present after amplification 
i 

First difference 

Figure 4. The representational difference analysis mr>A\ 

digested with a 4-cutter wrted^aS^iSi £^^ e \? nW , '"l"*" cDNA " re 
(oligonucleotide,) are ligated to t*& oZr and *?7 J' ™? ° f 12/24 "^P 10 ' "™>d« 
subsequently melted away and theten^nied S*Jg%£. ^LT^ ,2 ~ » 
populati n is then amplified using PCR f Uowinp whirK tK??.. , P J yme ™ se - E8ch cDN * 
A sec nd set of 12/24 adaptor' strand ^1 °/ adapt " i$ nm ™* «ith 

population, after which the tester TnvS,V " dded t0 the am P ,ified »«« cDNA 

adaptor, are melted and thYs' e „d s filSn a tf ^e 'pCR ^ -"J*" f ^ The 12 ">« 
to the new 24mer adaptor. Thus the onlv £SL5 : " car " ed out with P ri ">«* identical 
amplified are thoae which « ^.S^Jtt^p^^^L 1 ^ « "ponentially 
removed with mung bean nuclei 2S1 a? S " F 11 w,n 8 p CR. ssDNA products are 
third •« of 12/24 adaptor, a?d^ P«odu«- Tte is dijened and a 

stage. The process i, repeated to the 3'- TS *ff^t ,T? " 688 fr ° m * e M»idiiMfc» 
(1993>and Hubank and Schat2 (1994) product, as described by Lisitsyn et al. 



Differential gene expression 665 

Suppression PCR Subtractive Hybridisation (SSH) 

The most recent adaptation of the SH approach to differential exoression 
analys* was first ^described by Diatchenko et al. (1996) and Gurskaya « 2' meT 
They reported that a 1000-5000 fold enrichment of rare cDNAs (equivalent to 

ne° Hor mukinLT TJ? " 'f'Z ^ ^ ^ ^tainedlithout Z 

need for multiple hybridizations/subtractions. Instead of physical or chemical 
remova of the common sequences, a PCR-based suppression system is used (see 



In SSH excess driver cDNA is added to two portions of the tester cDNA which 
have been hgated with different adaptors. A first round of hybridization serT^ to 
ennch deferentially expressed genes and equalize rare and abundant messa^ 
Equalization occurs ^ce reannealmg is more rapid for abundant moleculeTth n fo; 

t0 , C I" 0 :' ° rder kinCtiCS of h ^^-tion (James and Hoggin 
1 985). The two primary hybridization mixes are then mixed together in the presence 
of excess driver and allowed to hybridize further. This step permits the anneX of 
smgle stranded complementary sequences which did nothybridize in he prta^ 
hybridization, and in doing so generates templates for PCR amplification AlthTu e h 
there are several possible combinations of the single stranded moi ^es p r sent t 
the secondary hybridization mix, only one particular combination (Se£S£ 
expressed m the tester cDNA composed of complimentary strands having dXem 
adaptors) can amplify exponentially. saving amerent 

of cnKT-t^ final differential dis Pl»y. ^o options are available if cloning 
of cDNAs is desired. One is to transform the whole of the final PCR reaction "mo 
competent cells. Transformed colonies can then be isolated and Z 2 ™ 
charaaerized by sequencing, restriction analysis or PCR. Alternatively th "fS 
PCR produce can be resolved on a gel and the individual bands excised reamnhfied 
and cloned. The first approach is technically simpler and less time 00^^ 
However hgation/transformation reactions are known to be biased toward^he 
cloning of smaller molecules and so the final population of clones w£ probabt no 
c ntain a representative selection of the larger products. In addition a th L ffh 
equalization theoretically occurs, observations in this laboratorv .u^A^SS 
by no means perfectly accomplished. Consequently, some gene species are pre s m 
in a higher number than others and this will be represented in the final popuh ion 
of clones^ Thus, in order to obtain a substantial proportion of those ZLpZ^tZ 
actually demonstrate differential expression in the tester population dumber o 
clones that will have to be screened after this step may be substantial Thetcond 
approach is initially more time consuming and technically demanding. However h 
would appear to offer better prospects for cloning larger and low abundance g 
product.. In addition one can incorporate a screemng step that different a^ 
W W products of different sequences but of the same ,£ (HA-stain7ng se " 
later). In this way a good idea of the final number of clones to be isola ed'and 
identified can be achieved. isoiatea and 

An alternative (or even complementary) approach is to use the final differential 
display reaction to screen a cDNA library to isolate full length clones for furthe 
characterization, or a DNA array (see later) to quickly identify known gene SSH 
has been used m this laboratory to begin characterization of the short term gene 

anTwv H643 <Z ?^»**« such « phenobarbital (Rockett etlTmi] 
and Wy-14,643 (Rockett et al. unpublished observations). The isolation of 
drfferentially expressed genes in this manner enables the construct^ , of a 
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Tester cDNA with adaptor 1 

Driver cONA 
Cm excess) 



Tester cDNA with adaptor 2 




Mix samples, add fresh denatured driver, anneal 



T 



a,b,c,d & e 




Fill in ends 
I YtiL 



Add primers and 
amplify by PCR 




t» d no amplification 

b no amplification * suppressed due to 

formation of panhandle structure 
c linear amplification 

* exponential amplification 



Deferential gene expression 



Control animals 


| Treated animals 


r 1 
Extract mRNA from 
tissue of interest 
e.g. liver 

l 




r ' 
Extract mRNA torn 
tissue of interest 
e.g. Dyer 


Dnase-treatment 


l 

Dnase-treatment 


Convert to cDNA . 




Convert to cONA 



Complex probe for 
screening clones 



Hybridization, subtraction and amplification 
«-fControl driving tester for up-regulated genes 
Tester driving control for down-regulated genes 



Complex probe 
for screening 
clones 



Run out products on agarose gel 



Extract individual bands and clone in 
T/A vector 



Screen using standard 
and HA agarose 



PCR of 5-10 clone 

cultures per 
extracted band 



Different clones blotted 
and screened with up- 
regulated genes 



Screen using standard 
and HA agarose 



Plasmid mini-preps 
of selected clones 



Differentially expressed 
clones selected 



Sequencing and 
identification 



Different clones blotted 
and screened with down- 
regulated genes 



inducer,, phenobarbi Jand Wy-14,643 " 8 Sh °" m eXp ° SUre t0 the 



of expressed genes which are unique to each compound and time/dose point. Such 
information could be useful » short-term characterization of the toxic potential of 
n, e r/° m A 0U ? 7 C T Pa " ng thC « ene -«P'«»ion profiles they elicit with those 

Zt I T? ^ Fi8UrC 6 Sh ° WS 3 fl ° W diagram 0f the m « hod »"d to 
isolate, verify and clone differentially expressed genes, and figure 7 shows expression 

profiles obtained from a typical SSH experiment. Subsequent sub-cloning of the 

mdividual bands, sequencing and gene data base interrogation reveals many genes 

which are either up- or down-regulated by phenobarbital in the rat (tables 2 and 3) 

One of the advantages in using the SSH approach is that no prior knowledge is 

required of which specific genes are up/down-regulated subsequent to xenobiotic 
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differentia] displays using the Pc£LS ?nisf? X • ^1" Was U8ed » 
ladder^-genTsupregulaudfollowL^ * L»c: 1-lkb 

Wy,14-643 treatment; 4- gen « unregulated wSJp «i ^? d ?^ eguhtedfoUowin « 
downregulated following phenobarbka! treaSent^ ^wl f h ;? ,ob » rb,al treatment; 5-genes 
a/. (1997), with permission. ' 3 ' Ke P ro « u ced from Rockett et 

exposure, and an almost complete complement of senes are nhr a ,„^ it 

the peroxisome proliferator and non o^ZT ! genes are obtaine d- For example, 

i i *" u " lcraior ana non-genotoxic hepatocarcinoeen Wv 14 641 

regulates at least 28 genes and down-regulates at least 15 in til ♦ / P * 
species) and produces 48 n j , he rat (a se "sitive 

resistant specif (R ock ett Swa es EsdaTd'c^H ^ ^ ™> * 

One of these genes CM1 t. , , GlbS ° n * un P ublis ^° observations). 

01 tne ! e ,f enes ' £081, was up-regulated in the rat and down-reeulated in th* 
guinea P1 g following Wy-14,643 treatment. CD81 (alternatively ^^ tIp a 1 

in a resistant and susceptible species. However, the down-side of ?h 1 
that the majority of genes can be sequenced and matched To 

the latter are predominantly expressed sequence tags or genes of comn W.lv 



Diff r ntial Display (DD) 

m *°££ U tiTi b ^:2* A * primed PCR ■ <Lia„ 8 

ana Mraee this method ,s „ ow more commonly referred to as 'differential 
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Table 2. Gene up-ieguhted in rat liver following 3-d.y exposure to phenobarbiul. 



Bind number 




(approximate 


nignesr sequence 


size in bo) 


simuanry 


5 (1300) 


93.5% 


7(1000) 


95.1% 


8 (950) 


98.3% 


10 f850) 




11 (ROC)} 


Clone 1 94.9% 




uione 2 75.3 % 


12 (750) 


93.8% 


15 (600) 


92.9% 


16(55) 


Clone 1 95.2% 




Clone 2 93.6% 


21 (350) 


99.3% 



FASTA-EMBL gene identified 

CYP2B1 
Preproalbumin 
Serum albumin mRNA 
NCI-CGAP-Prl H. sapiens (EST) 
CYP2B1 
CYP2B1 
CYP2B2 
TRPM-2 mRNA 
Sulfated glycoprotein 
Preproalbumin 
Serum albumin mRNA 
CYP2B1 

Haptoglobulin mRNA partial alpha 
18S, 5.8S&28S rRNa 

Bands 1-4, 6 9, 13, 14 and 17-20 are shown to be false positives by dot blot anaylsis and thereW 
are not sequenced. Denved from Rockert el al. (1997). It should be noted aSX?3EI?S£^ 
represent the complete spectrum of genes which are up-regulated in rat liver by phenobarbetal bu 
simply represents the genes sequenced and identified to date pnenooarDital, but 



Table 3. 

Band number 
(approximate 
size in bp) 



Genes down-regulated in rat liver following 3-day exposure to phenobarbital. 



1 (1500) 




2 (1200) 




3 (1000) 




7(700) 


Clone 1 




Clone 2 




Clone 3 


8 (650) 


Clone 1 




Clone 2 


9(600) 


Clone 1 




Clone 2 


10 (550) 




11 (525) 




12 (375) 




13 (23) 


Clone 1 



14 (170) 

15 (140) 
Others: (300) 

(275) 



Clone 2 
Clone 3 



Highest sequence 
similarity 



95.3% 
92.3% 
91.7% 
77.2% 
94.5% 
91.0% 
86.9% 
96.2% 
86.9% 
82.0% 
73.8% 
95.7% 
100.0% 
97.2% 
100.0% 
100.0% 
96.0% 
97.3% 
96.7% 
93.1% 



FASTA-EMBL gene identification 

3-oxoacyl-CoA thiolase 
Hemopoxin mRNA 
Alpha-2u-globulin mRNA 
M. musculus CI inhibitor 
Electron transfer flavoprotein 
M. musculus Topoisomerase 1 (Topo 1) 
Soares 2NbMT M. musculus (EST) 
Alpha-2u-globulin (s-type) mRNA 
Soares mouse NML M. musculus (EST) 
Soares p3NMF 19.5 M. musculus (EST) 
Soares mouse NML M. musculus (EST) 
NCI-CGAP-Prl H. sapiens (EST) 
Ribosomal protein 

Soares mouse embryo NbME135 (EST) 
Fibrinogen B-beta-chain 
Apolipoprotein E gene 
Soares p3NMF19.5 M. musculus (EST) 
Stratagene mouse testis (EST) 
R. norvegicus RASP 1 mRNA 
Soares mouse mammary gland (EST) 



display (DD). In this method, all the mRNA species in the control and treated cell 
fp? tm J£ 3n,p !; fied m se P arate tactions using reverse transcriptase-PCR 
(RT-PCR) The products are then run side-by-side on sequencing gels. Those 
bands wh.ch are present m one display only, or which are much more intense in one 
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display compared to the other, are differentially expressed and may be rec vaed . 
further character,*,,^. One advantage 0 f Ais syMem is the speed wSh tL^et 
be corned out-2 days to btain . display and as Me ,s a weeE « an^Hentify 

Two commonly used variations are based on different method „*- • • *. 

OVong and M«CI^1^^iSt2^^^^? I,M ^ 

PCR, thus, produces a ser es of products which A*****;- Z resulting 
.ength and condition, ^y^^^^^SSi & 
^rsanS^ 

Hiff .° U ,f B P ? h * P * m0St p °P ular a PP'° a <* "='d today for identify™,, 
dtfferent^Ily expressed genes, i, does suffer from several perceived dldv"^ 8 

low abundance g enes m ay Be acLved'in celt Tl^^Z^Z 

(2) 7£j D *A° ° btai " e , °'T ° nly represen ' ,ht """"" 3' «<■ of the ntRNA 
(often the 3 -untranslated region), although this m,y „o, always be *. Ht 

Gunneraes « «f 1 995a). Since the 3 end is often no, fnclud d7n Genbank a „d 

™Z^™T. httVt ' n 0r8aniSmS ' cDNAs by DD cannot alvv 's be 

matched vmh the,rgen,s, „en if they have been identified. nn ° t " W "' tbe 

(3) The pattern of differential expression seen on the display often cannot h. 

• \ . . reverse transcriptases (Sung and Denman 1997^ 

comparison of umnduced and induced cells over a time course (Bum"" S 
and companson of DDPCR nm^n^ <• . . v ™ ai - ***+) 

lines (Sompayrac " «i 1995^ i x!™ Umnduced and two induced 

nuclear RNA that is not transported to the cytoplasm . 

techn Urther d ? ilS u° f back * round . ^rengths and weaknesses of the DD 
technique can be obtained from a review by McClelland et al fl9Q6Y.«rf f 
articles by Liang et al. (1995) and Wan et al (1996) ( %) ^ ^ 
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mRNA 



(dTti)CA: AC 




-AAAAAAAA 

Arbitrary primer: 



1«* strand cDNA 
<4 AC 



I* strand cDNA 
< 



-UGAAAAAAA 



-AAAAAAA 



I 



Denature and synthesise 2 nd strand 
with any arbitrary primer { ) ^ 



2 nd strand cDNA 



-AC 



2 nd strand cDNA 
► 



i 



cDNA can now be amplified by PCR using original primer pair 

either with a polydT,, NN primer (where N= G, Cor A) or with an arbitrary primer. The use of 

SSrsixiTr ? G, . c a ? d »s r^** first strand po,ydT enaw « p™»« 

of the majority of polyadenylated mRNAs. Arbitrary primers may hybridize at none, one or more 
places along the length of the mRNA, allowing 1« strand cDNA synthesis to occur at none one 
or more points in the same gene. In both cases, 2* strand synthesis is carried out with an arbitrary 
primer. Since these arbitrary primers for the 2 nd strand may also hybridize to the 1« strand cDNA 
™ « nu mb V of ?'? t ™ t P ,aces > 8everaI different 2- strand products may be obtained from one 
binding point of the 1* strand primer. Following 2- strand synthesis, the original set of primers 
is used to amplify the second strand products, with the result that numerous gene sequences are 
amplified. 



Restriction endonudease-facilitated analysis of gene expression 
Serial Analysis of Gene Expression (SAGE) 

A more recent development in the field of differential display is SAGE analysis 
(Velculescu et al. 1995). This method uses a different approach to those discussed so 
far and is based on two principles. Firstly, in more than 95% of cases, short 
nucleotide sequences ('tags') of only nine or 10 base pairs provide sufficient 
information to identify their gene of origin. Secondly, concatenation (linking 
together in a series) of these tags allows sequencing of multiple cDNAs within a 
single clone. Figure 9 shows a schematic representation of the SAGE process. In this 
procedure, double stranded cDNA from the test cells is synthesized with a 
biotinylated polydT primer. Following digestion with a commonly cutting (4bp 
recognition sequence) restriction enzyme ('anchoring enzyme'), the 3' ends of the 
cDNA population are captured with streptavidin beads. The captured population is 
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into die adaptors is a recognition sequence for a type IIS restriction enzyme- ne 
which cuts DNAat a denned distance (< 20 bp) from its recognitionsequence. 
Hence, foil wing digestion of each captured cDNA population with the IIS enzyme 
the adaptors plus a short piece of the captured cDNA are released. The two' 
populations are then ligated and the products amplified. The amplified products are 
cleaved wiA the original anchoring enzyme, religated (concatomers are formed in 
the Process) and cloned. The advantage of this system is that hundreds of gene tags 
can be identified by sequencing only a few clones. Furthermore, the number of times 
a given transcript is identified is a quantitative measurement of that gene" 
f^ZZ^rT*^ Population, a feature which facilitates identification of 
differentially expressed genes in different cell populations 

Some disadvantages of SAGE analysis include the technical difficulty of the 
method, a large amount of accurate sequencing is required, biased towards abundant 
mRNAs, has not been validated in the pharmaco/toxicogenomic setting and has 
only been used to examine well known tissue differences to date. 

Gene Expression Fingerprinting (GEF) 

^JJ^JTV^T^^ aPPr ° aCh f ° r isolatm * differentially 
expressed genes has been described by Ivanova and Belyavsky (1995) In this 

m DN A ' , 15 COn r rtC J d t0 CDNA USing bio ^ted oHgo(dT primers Th 
P°P^tion " then digested with a specific endonuclease and captured with 
magnetic streptavidin microbeads to facilitate removal of the unwanted 5 'digestion 
The USe °'/estr,cted 3'-ends alone serves to reduce the complexity of he 
cDNA fragment pool and helps to ensure that each RNA species is represented by 

° n V CStr,Ct,0n Pr ° dUCt - An 3dapt0r is h * ated t0 facilitate subsequent 
amplification of the captured population. PGR is carried out with one adaptor 
specific and one biotinylated polydT primer. The reamplified population s 
recaptured and Ae non-biotinylated strands removed by alkaline dissocL on The 
non-b,ot,nylated strand is then resynthesized using a different adaptor-spedfic 
primer in the presence of a radiolabelled dNTP. The labelled immobilized 3'cDNA 

TAT Se t qU / nt,ally ^! ated Whh 3 SeHeS ° f different rest "«ion endonucleases 
and the products from each digestion analysed by PAGE. The result is a fingerprint 
composed of a number of ladders (equal to the number of sequential digests used) 
By comparing test versus control fingerprints, it is possible to identify deferentially 
expressed products which can then be isolated from the gel and cloned. The 
advantages of this procedure are that it is very robust and reproducible, and the 
authors estimate that 80-93% of cDNA molecules are involved in the fina 

thTTo^O I T^T " th3t P 01 ^ 1 ™*' can rarely resolve more 
than 300-400 bands, which compares poorly to the 1000 or more which are 
estimated to be produced in an average" experiment. The use of 2-D gels such as 

otrcot^^ - * (1989) and Ha ^ a « « » Ly help » 

A similar method for displaying restriction endonuclease fragments was later 
described by Prashar and Weissman (1996). However, instead of sequent! 
digestion f the immobolized 3'-terminal cDNA fragments, these authors simply 

rnfp" Pr ° fileS ° f C ° ntr01 and — d 
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■AAAA 

-TTTT* 1 " strand cDNA synthesis using 

' biolinylated pory dT primers 

WW 

TTTT* 



cDNA cleaved with AE and 
4- captured with streptavivin beads 



GTAC 



OTAC — TTTT( 



Divide in half and ligate linkers 



£JIr AAAA ^ CATC 

U,AL TTTTW ] GTAC 

CATG 




-AAAA 

GTAC — ttttt*\ I X/A CATG 

GTAC- 




1 Cleave with tagging enzyme (TE) 1 
and produce blunt ends 

GGATGCATGXXXXXXXXX 

CCTACGTACXXXXXXXXX GGATGCATGOOOOOOOOO 

CCTACGTACOOO OOOOOO 




^ ^ 189 TE AE Tag 



| Ligate and amplify 



CCTACGTAOOOOOOOOCXOOOOOOOOOGTACGTAGG 



9 - Cleave with AE, isolate diTags. 
I concatenate, clone and 
sequence 

AE AE 



JiE_ _*!_ AE 

Z^ISSSSSSSSSSSSSSS^ 70 woooxxxxooooooooocatg— 

-GTACXXXXXXXXXOOOOOOQCOGTAC XXXXXXXXXOOOOOOOOOGTAC— 

Tafll Tag2 Tag 3 Tag 4 

which process, concateniati n occurs) S I IZa ■ . ' r "? gS m then ,igated (durin 6 

Velcukscu «/ i. <1995)?wS, J3S n * f ch « f r sequencing. After 
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DNA arrays 



•Open » differential display systems are cumbersome in that it takes a ««« Am i 
process i/carried o-s^ 

so-called DNA arrays (e.g e J, oo 2 ^ '^7^ * e develo P m «" of 

the introduction of wh ch *has sSnallfd 2 ' J. 5 ' Sche ™ etal. 1996), 

analysis DNA arrays ct ^ ^ridded m^e f Za^ 

in oncogenesis, cell cycfmg DnX repair d , " Pr ° VCn 
They are usual y chosenTc b ^pe^o ST' ^ ^ ""^ pr ° CCSSes - 
Human and mouse array «T^™^^, fo ^r e ^ - ^ al> » M,d -- 
will construct a ^ T^f' ^ 3 feW COm P anies 

Research Genetics Inc The J Z 7 ' I CXample C1 ° ntech La °oratories and 

populations can £ labeL X.Tl'ir " ^4?™ 'T ~ 
appropriate hardware and software arrayl off* . JL * " Inalyied with 
assess differences in gene expression h/Z T ^ < ' uantitativ « means to 

can only be identified, ^T^^^^^l °' 
(hence the term 'closed' mtu?Th£< 8 m m the arra y 

molecular mechanisms Zi^^^^^ST?* " dUCidatin8 *• 
to combine an open and doiri X^^DNT 7 ? 0t, ^ n,ybe 
quantitate the expression of known «„~ L / ay * dU " eCtly identif y and 
system such as SSH to isolate unknown " "?? A populations » a * d an open 

One of the main ad vant g es TdZZT* ™ "Passed, 

which can be put on a meXanJ-! * " 86 nUmber ° f gCne fra 8™nts 
60000 spots sTngle gl«s "hP^ C ° mpani « have -P<>«ed gridding up to 
based micro-arrays ^^L^Sj^T^i ^ ^ h * h Chip " 
items in the nea, futu r ^ Thl should f! T , " mass - produced off-the-shelf 
differential expression in' time and d- 3 " determination of 

high cost and L techn^a] ^ completit,. I ^"TT eXpenmentS - Aside from their 



EST databases as a means to identify differentially expressed genes 

^^^^ymt^^Z) ^^ no T 1 idemity (putative 

means of discovering new gene „d can h S^'" * " r-pid and efficient 

expression in specific cells fitted < ^ t0 8Cneme profiles of 

tW» w u P * Cmc ceJ1 , s - Smce th ey were first described by Adams et al M QQ1 ^ 
tnere has been a huge explosion t'n pqt . j j . . ' " u * n15 « «• livyi;, 

now well over a million .u A IT-n. ^ 3 * " CStimated that there are 

m,ll,on such sequences m the public domain, representing over half 
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of all human gene. (Hdlto « 1996). This tog, number of freely .viUbk 
sequences (both sequence information and clones are normally .na^lTS 
from the or.gtn.tors) ha, enab.ed ,h« development of , new .pproVZow.rd" 
dflerenoj gene expresston analysis as described by Vasm.uis « * (W9« The 
approach .s simple m theory: EST databases are firs, searched for gen J Save, 
number of retoed EST sequences from the target tissue of choice^, „ot or L 
from non-targe, nssu, libraries. Programmes to assist in the assembly of sucn sil o! 
ov.rl.ppmg data may be developed in-hous. or obtained priva Jy or fro^ the 
mterne . For example, the Institute for Genomic Research (T1GR found at 
ht.pr/Aww.ngr.org) provides many software tools free of charge » the scientific 

tool for the assembly of large sets of overlapping data such alTs-p \ ■ , 

problems in this fledgling approach such « d " Cnbed several 

sequence, derived from^^^andt Zr^Z^^Zl 

of the EST database it is IitoA.Tr? u mcreased completeness 

expressed genes ma y & ~ rt 



Problems and potential of differential expression techniques 

The holistic or single cell approach ? 

there .re almost always normal, hyperplastic and/or dvspl.stic celb present in »' 
ssmple. On. must, therefore, be aware that genes obtained from a aWer ' i. 

different,.! express™ of genes in the development of different cell tvoes whir! 
there >s . need to examine homologous cell populations Th/n\„kW. k 
addressed atthe National Cancer Instil,. ££^mI$Z:™*£ 

u^./jl u- , .. 3 . 3 * v,OAr / (r or more information see web site- 

http ://www.ncbi.nlm.nih.gov/ncicBaD /intrn Ktmn Tk. , . 

niques .v.i,.bl. 
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eg. fluorescence activated cell sorting (FACS) (Dunbar et al 1QQR v n , 
al. 1998) and magnetic bead technology (Rid/id X " 
However, those taking ah listicappr ach may consider this-issul untp r^it. 
There is an equally appropriate view that all those genes showing alter^n 
w,tMn a compromized tissue should be taken intoconside^ 
tissues are complex mixes of different, interacting cell types whkh^mlw 
regulate each other's growth and development, it is cL thaTLch ceuL'T^ 
some way contribute (oositivelv nr \ \ 3 . ™ p couia xn 

which lie behind t^TkIZ^™*- towards the molecular mechanisms 
then more inform. JeT^^toe IT^IZ 7*"*. * " 

opposed to in vitro models 7he« ur X™ * ' Zf ' Imm,s »™S » «*» « 

«.„« of pooling «^ ^K^7 A f ? *f P"-* 

benencWAroughtheironin B outofexa B8 er«edreVL;., ? • " M be 
nucryations of (mechanistically) rreL™, " ! P°"=« =nd unimportant minor 

providing, a de. er o^ESzLZ^nE"? ™. m 1' V ' dUi " """"^ ,hus 
response. However, at the STL*, th*^ t^^o^ 

SeTo^e^ 



£££ SS^r" <« -* • *«* p<™«« of 

using differential display systems Thifk, Z« i! ^ * Slly recovered 
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species present at less than 1.2% of the total mRNA population-equivalent to an 
intermediate or abundant species. Interestingly, when simple model systems (sinele 
target only) were used instead of a heterogeneous mRNA population, the same 
primers could detect levels of target mRNA down to 10000X smaller. These results 
are probably best explained by competition for substrates from the many PCR 
products produced in a DD reaction. 

The numbers of differentially expressed mRNAs reported in the literature using 
various model systems provides further evidence that many differential expressed 
mRNAs are not recovered. For example, DeRisi et al. (1997) used DNA array 
technology to examine gene expression in yeast following exhaustion of sugar in the 
medium and found that more than 1700 genes showed a change in expression of at 
least 2-fold. In light of such a finding, it would not be unreasonable to surest that 
of the 8000-15 000 different mRNA species produced by any given m am 3"n cell 
up to 1000 or more may show altered expression following chemical stimulation. 
Whilst this may be an extreme figure, it is known that at least 100 genes are 

?r 0 m tC T d/ T e - Ula w * JUr ? at (T_) C£llS f0ll ° Wing IL ' 2 Elation (Ullman et al. 
1990) In addition, Wan et al. (1996) estimated that interferon- y-stimulated HeLa 
cells differentially express up to 433 genes (assuming 24000 distinct mRNAs 
expressed by the cells). However, there have been few publications documenting 
anywhere near the recovery of these numbers. For example, in using DD to compare 
normal and regenerating mouse liver, Bauer et al. (1993) found only 70 of 38000 
total bands to be different. Of these, 50?, (35 genes) were shown to correspond to 
differentially expressed bands. Chen et al. (1996) reported 10 genes upregulated in 
female rat liver following ethinyl estradiol treatment. McKenzie and Drake (1997) 
identified 14 different gene products whose expression was altered by phorbol 
myristate acetate (PMA, a tumour promoter agent) stimulation of a human 
myelomonocytic cell line. Kilty and Vickers (1997) identified 10 different gene 
products whose expression was upregulated in the peripheral blood leukocytes of 
allergic disease sufferers. Linskens et al. (1995) found 23 genes differentially 
expressed between young and senescent fibroblasts. Techniques other than DD 
have also provided an apparent paucity of differentially expressed genes. Using SH 
for example, Cao et al. (1997) found 15 genes differentially expressed in colorectal 
cancer compared to normal mucosal epithelium. Fitzpatrick et al. (1995) isolated 17 
genes upregulated in rat liver following treatment with the peroxisome proliferator 
clofibrate; Philips et al. (1990) isolated 12 cDNA clones which were upregulated in' 
highly metastatic mammary adenocarcinoma cell lines compared to poorly meta- 
static ones. Prashar and Weissman (1996) used 3' restricts fragment analysis and 
identified approximately 40 genes showing altered expression within' 4 h of 
activation of Jurkat T-cells. Groenink and Leegwater (1996) analysed 27 gene 
fragments isolated using SSH of delayed early response phase of liver regeneration 
and found only 12 to be upregulated. 

In the laboratory, SSH was used to isolate up to 70 candidate genes which appear 
to show altered expression in guinea pig liver following short-term treatment with 
the peroxisome proliferator, WY-14,643 (Rockett, Swales, Esdaile and Gibson 
unpublished observations). However, these findings have still to be confirmed by 
ana ysis of the extracted tissue mRNA for differential expression of these sequences. 

Whilst the latest differential display technologies are purported to include design 
and experimental modifications to overcome this lack of efficiency (in both the total 
number of differentially expressed genes recovered and the percentage that are true 
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positives), it is still not clear if such adaptations are practically effective— proving 
efficiency by spiking with a known amount of limited numbers f artificial 
constructs) is one thing, but isolating a high percentage of the rare messages already 
present in an mRNA population is another. Of course, some models will genuinely 
produce only a small number of differentially expressed genes. In addition, there are 
also technical problems that can reduce efficiency. For example, mRNAs may have 
an unusual primary structure that effectively prevents their amplification by PCR- 
based systems. In addition, it is known that under certain circumstances not all 
mRNAs have 3'polyA sites. For example, during Xenopus development, deadenyl- 
ation is used as a means to stabilize RNAs (Voeltz and Steitz 1998) whilst 
preferential deadenylation may play a role in regulating Hsp70 (and perhaps 
therefore, other stress protein) expression in Drosophild (Dellavalle et al 1 994) The 
presence of deadenylated mRNAs would clearly reduce the efficiency of systems 
utilizing a polydT reverse transcription step. The efficiency of any system also 
depends on the quality of the starting material. All differential display techniques 
use mRNA as their target material. However, it is difficult to isolate mRNA that is 
completely free of ribosomal RNA. Even if polydT primers are used to prime first 
strand cDNA synthesis, ribosomal RNA is often transcribed to some degree 
(Clontech PCR-Select cDNA Subtraction kit user manual). It has been shown at 
least in the case of SSH, that a high rRNA.mRNA ratio can lead to inefficient 
subtracts hybridization (Clontech PCR-Select cDNA Subtraction kit user 
manual), and there is no reason to suppose that it will not do likewise in other SH 
approaches. Finally, those techniques that utilise a presubtraction amplification step 
(e.g. RDA) may present a skewed representation since some sequences amplify 
better than others. 

Of course, probably the most important consideration is the temporal factor It 
is clear that any given differential display experiment can only interrogate a cell at 
one point in time. It may well be that a high percentage of the genes showing altered 
expression at that time are obtained. However, given that disease processes and 
responses to environmental stimuli involve dynamic cascades of signalling 
regulation, production and action, it is clear that all those genes which are switched 
on /off at different times will not be recovered and, therefore, vital information may 
well be missed. It is, therefore, imperative to obtain as much information about the 
model system beforehand as possible, from which a strategy can be derived for 
targeting specific time points or events that are of particular interest to the 
investigator. One way of getting round this problem of single time point analysis is 
to conduct the experiment over a suitable time course which, of course, adds 
substantially to the amount of work involved. 



How sensitive are differential expression technologies? 

There has been little published data that addresses the issue of how large the 
change in expression must be for it to permit isolation of the gene in question with 
the various differential expression technologies. Although the isolation of genes 
whose expression is changed as little as 1.5-fold has been reported using SSH 
(Groenink and Leegwater 1996), it appears that those demonstrating a change in 
excess of 5-fold are more likely to be picked up. Thus, there is a 'grey zone' 
in between where small changes could fade in and out of isolation between 
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expenments and anunals. DD, on the other hand, is not subject to this grey 
zone since, unlike SH approaches, it d es not amplify the difference in express^ 
between tw samples. Wan et al. (1996) reported that differences in expression f 
tw fold or more are detectable using DD. 



Resolution and visualization of differential expression products 

It seems highly improbable with current technology that a gel system could be 
developed that is able to resolve all gene species showing altered expression in any 

%r G TJZl ° r DD ' baS£d) - Pol ^ la ™ de gel electrophores"! 

(PAGE) can resolve size deferences down to 0.2% (Sambrook et al. 1989) and are 
used as standard in DD experiments. Even so, it is clear that a complex series of gene 
products such as those seen m a DD will contain unresolvable components. Thus 
what appears to be one band in a gel may in fact turn out to be several Indeed it has 
been well documented (Mathieu-Daude et al. 1996, Smith et al. 1997) that a'single 
band extracted from a DD often represents a composite of heterogeneous products 

^9 7 f oTno S M Cen , SSH diSpl3yS " this l3b0rat0r y ^ oc ke« et al'. 

1997). One possible solution was offered by Mathieu-Daude et al (1996) who 

extracted and reamplified candidate bands from a DD display and used single strand 
conformation polymorphism (SSCP) analysis to confirm which components 
represented the truly differentially expressed product P°nems 
Many scientists often try to avoid the use of PAGE where possible because it is 
technically more demanding than agarose gel electrophoresis (AGE). Unfortunately 

HR (Z 2°rn 8ar ° Se 8 5 L UCh f S Met3ph0r (FMC ' Lichfidd « UK ) and AquaPor' 

San PAGE c f ,a8 T t,CS ' HeSS ^x T UK) ' WhilSt Casier t0 P re P" e and -annulate 

Tl 2* nf m 7 SCP r te DNA SCqUenCeS Which differ in W around 
1.5-2% (15-20 base pairs for a 1Kb fragment). Thus, SSH, RDA or other such 

produce which differ in size by less than this amount are normally not resolv ble 

However a simple technique does in fact exist for increasing the resolving power of 

£ K "T^ ? HA_red ^ 10 -P hen yl ^tral red-PEG ligand) or HA-yeSm 
(bisbenzamide-PEG ligand) (Hanse Analytik GmbH, Bremen, Germany) H 
gel separates identical or closely sized products on base content. Specffic V 
HA-red and -yeMow selectively bind to GC and AT DNA motifs, respectively 
(Wawer et al. 1995, Hanse Analytik 1997, personal communication . Since both 
HA-stams possess an overaU positive charge, they migrate towards the cathode 
when an electric field ,s applied. This is in direct opposition to DNA which 
is negaavely charged and, therefore, migrates towards the anode. Thus if two 
DNA clones are identical in size (as perceived on a standard high re olutbn 
agarose gel) but differ in AT/GC content, inclu.on of a HA-dye in the ge" 
wil ^ effectively retard the migration of one of the sequences compared to th 
other, effectively making it apparently larger and, thus, providing a means of 
differentiating : between the two. The use of HA-red has been shown to resolve 
sequences with an AT variation of less than 1 % (Wawer et al. 1995), whilst Hanse 
Analytik have reported that HA staining is so sensitive that in one case it was used 

(Hanse Analytik 1996, personal communication). Therefore, if one wishes to check 
whether all the clones produced from a specific band in a differential disp ay 
experiment are derived from the same gene species, a small amount of reamplified 
or digested clone can be run n a standard high resolution gel, and a second ahqu t 
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Figure 10. D.scnminanon of clones of identical/nearly identical size usins HA-red Ban He „f a 

size (1-5) were extracted from the final display of a suppression ° l Rasing 

experiment and cloned. Seven colonies were nicked «t T subt ™«>ve hybridization 

inserts amplified using PGR. The produces we«t n o „ ^o gek A^a S ^t^ 6 
gel, and (B) a high resolution 2 % agarose gel conta^incTu /m 1 HA h ' g * rCS °; ull0n 2 V " 
the clones from each band appear to be th^me^Tf.el Al J£i ^ ^ ""P 1 ™ 5 - » U 
(gel B), which separates identically -sized DNA Lgment Jased Z Z' presenc * of HA-red 
the sequence, clearly indicates the Dra l„ I Vf f£ * C P ercenta ge of GC within 

different gene species are represented . S12c * at Icast four 

in a similar gel containing one of the HA-stains. The standard gel should indicate 
any gross size durances, whilst the HA-stamed gel should Separate otherw se 

SPCC,eS i 0n Stand3rd AGE) 3CCOrding t0 their base ™ S ' 
* a/. (1997) reported successful use of this approach for identifying DD-de^ed 

clones. Figure 10 shows such an experiment carried out m this laboratory on clones 
obtained from a band extracted from an SSH display 

An alternative approach is to carry out a 2-D analysis of the differential display 
products, n this approach, size-based separation is first carried out in a tand a d 

iTioTha elifo 8 sli r cont : ini : g the di ? ,ay is then ™ d -^-^ 

in to a HA gel for resolution based on AT /GC content 

Of course one should always consider the possibility of there being different 
gene species which are the same size and have the same GC/AT content However 

SSCP ^ or S „e?h a C,eS 7 ^ UnrCSOlvable efforti-again, one m^ght use 

a ' 7 ? S 8 denatunn 8 8 radient 8^ electrophoresis (DGGE) or temperature 
gradient field electrophoresis (TGGE) approach to resolve the contents of'a band 

product" ° n CXtraCted b3nd (SU2Uki Ct ° L 1991) 0r on the "amplified' 
The requirement of some differential display techniques to visualize large 
numbers of products (eg. DD and GEF) can also present a problem in that, in term 
of numbers, the resolution of PAGE rarely exceeds 300-400 bands. One approach* 

bC T USC 2 " D 8ClS SUCh 38 th0Se described b y Uitterlinden et 
al. (1989) and Hatada et al. (1991). 
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Extraction of drferenually expressed bands from a gel can be complex since, in 
some cases (e.g. DD, GEF), the results are visualized by autoradiographic mean? 
such that precise overlay of the developed film on the gel must occur if the correct 
band is to be extracted for further analysis. Clearly, a misjudged extraction can 
accountfor many man-hours lost. This problem, and thatof the use of radioisotopes 
has been addressed by several groups. For example, Lohmann et al. (1995) 
demonstrated that silver staining can be used directly to visualize DD bands in 
homontal PAGs^Ar l et al. (1996) avoided the use of radioisotopes by transferring a 
small amount (20-30%) of the DNA from their DD to a nylon membrane Zd 
visualxzmg the bands using chemiluminescem staining before going back to extract 
the remaining DNA from the gel. Chen and Peck (1996) went one step further and 
transferred the entire DD to a nylon membrane. The DNA bands were then 
visualized using a digoxigenin (DIG) system (DIG was attached to the polvdT 
primers used in the drfferemial display procedure). Differentially expressed bands 
were cut from the membrane and the DNA eluted by washing with PCR buffer prior 
to ^amplification. 

One of the advantages of using techniques such as SSH and RD A is that the final 
display can * run an « agarose gel and the bands visualized with simple ethidium 
Tivpp r™ 8 ' T h,ls c t ; h " a PP f0ach Provide acceptable results, overstating 
with SYBR Green I or SYBR Gold nucleic acid stains (FMC) effectively enhances 
the intensity and sharpness of the bands. This greatly aids in their precise extraction 
and often revea s some faint products that may otherwise be overlooked. Whilst 
differential display, ; stained with SYBR Green I are better visualized using short 
wavelength UV (254 nm) rather than medium wavelength (306 nm), the shorted 
wavelength is much more DNA damaging. In practice, it takes only a few seconds 
to damage DNA extracted under 254 nm irradiation, effectively preventing 
reamplificauon and cloning. The best approach is to overstain with SYBR Green I 
and extract bands under a medium wavelength UV transillumination 



The possible use of 'microfingerprinting' to reduce complexity 

Given the sheer number of gene products and the possible complexitv of each 
band, an alternative approach to rapid characterization may be to use an enhanced 
analysis of a small section of a differential display-a 'sub-fingerprint' or 'micro- 
fingerprint . In this case, one could concentrate on those bands which only appear 
in a particular chosen size region. Reducing the fingerprint in this way has at least 
two advantages. One is that it should be possible to use different gel types 
concentrations and run times tailored exactly to that region. Currently one mighi 
run produce from 1 00-3000 + bp on the same gel, which leads to compromize in the 
gel system being used and consequently to suboptimal resolution, both in terms of 
size and numbers, and can lead to problems in the accurate excision of individual 
bands. Secondly, ,t may be possible to enhance resolution by using a 2-D analysis 
using a HA-sta.n, as described earlier. In summary, if a range of gene product sizes 
is carefully chosen to included certain ' relevant ' genes, the 2-D system standardized 
and appropriate gene analysis used, it may be possible to develop a method for the 
early and rapid identification of compounds which have similar or widely different 
cellular effects If the prognosis for exposure to one or more other chemicals which 
display a similar profile ,s already known, then one could perhaps predict similar 
effects for any new compounds which show a similar micro-fingerprint 
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An ahernatm approach to microfingerprinting is to examine altered expression 
in specific farnU.es of genes through careful selection of PCR primers and/or post- 
reaction analysis. Stress genes, growth factors and/or their receptors, cell cycling 
genes, cytochromes P450 and regulatory proteins might be considered as candidates 
for anatysis in this way. Indeed, some off-the-shelf DNA arrays (e.g. Clontech's 
Atlas cDNA Expression Array series) already anticipated this to some degree by 
grouping together genes involved in different responses e.g. apoptosis, stress, DNA- 
damage response etc. 



Screening 

False positives 

^ THC g tT a ?° n ° f falsC P ° sitives has been discussed at length amongst the 
?™! r T P y commun,tv ( Lian 8 « «/• 1 993 , 1 995 , Nishio et al. 1 994 Sun et al 

994, Sompayrac etaL 1995). The reason for false positives varies' with the 
technique being used. For mstance, in RDA, the use of adaptors which have not 
been HPLC purified can lead to the production of false positives through illeeitimate 
hgation events (O'Neill and Sinclair 1997), whilst i^DD they cJ^ZZ^ 
PCR artifact and i llegnemate transcription of rRNA. In SH, false positives appear 

nm /Ti 8 " fr °"\ab™<lant gene species, although some may arise from 
cDNA/mRNA spec.es wh.ch do not undergo hybridization for technical reasons 

A quick screening of putative differentially expressed clones can be carried out 
using a simple dot blot approach, in which labelled first strand probes synthesized 

/TosH I"' ^ mRNA hybridi2ed t0 an ar "y ° f »W don« HedSk et 
al l 984, Sakaguchi et al. 1986). Differentially expressed clones will hytid'e to 
tester probe, but not driver. The disadvantage of this approach is that rare species 
may not generate detectable hybridization signals. One option for those using SSH 
is to screen the clones using a labelled probe generated from the subtracted cDNA 
from winch it was derived, and with a probe made from the reverse subtraction 
reaction (ClonTechn iq ues 1997a). Since the SSH method enriches rare sequences 
it should be possible to confirm the presence of clones representing low abundance 
genes. Despite this qu.ck screening step, there is still the need to go back to the 
original mRNA and confirm the altered expression using a more quantitat v 
approach Although this may be achieved using Northern blots, the sensitivity is 
poor by today s h.gh standards and one must rely on PCR methods for accurate and 
sensitive determinations (see below). 



Sequence analysis 

h. ?2n° Pity i ^ Crential diSplay P rocedures P^ce "nal products which are 
between 100 and lOOObp m size. However, this may considerably reduce the size of 
the sequence for analysis of the DNA databases. This in turn leads to a reduced 
confidence in the result-several families of genes have members whose DNA 
sequences are almost identical except in a few key stretches, e.g. the cytochrome 
P450 gene superfamily (Nelson et al. 1 996). Thus, does the clone identified as being 
almost ■dent.cal to gene X 0 really come from that gene, or its brother gene X, or ij 
as yet undiscovered sister X a ? For example, using SSH, part of a gene was isolated 
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^IstHT^^ HVe 7 f r8tS eXP ° SCd t0 Wy ' 14 ' 643 and « identified 
by a FASTA search as being transferrin (data not shown). However, transferrin is 

525 m ^TTTSS " ^? Iipidemic P^ome proliferators such as Wy. 

. ( 5f tt " * 1996) ' and this was confirmed with subsequent RT-PCR 
analysis. This suggests that the gene sequence isolated may belong to a gene which 
is closely related to transferrin, but is regulated by a different mechanism 

A farther problem associated with SH technology is redundancy. In most cases 
before SH is earned out, the cDN A population must first be simplified bv restriction 
digestion. This is important for at least two reasons : 

(1) To reduce complexity-long cDNA fragments may form complex networks 
which prevent the formation of appropriate hybrids, especially at the high 
concentrations required for efficient hybridization 

(2) Cutting die cDNAs into small fragments provides better representation of 
individual genes This is because genes derived from related but distinct 
members of gene families often have similar coding sequences that may cross- 
hybridize and be eliminated during the subtraction procedure (Ko 1990) 
Furthermore drfferent fragments from the same cDNA may differ considerably 
m terms of hybridization and amplification and, thus, may not efficiently do one 
or the other (Wang and Brown 1991). Thus, some fragments from differentially 
expressed cDNAs may be eliminated during subtractive hybridization pro- 
cedures. However, other fragments may be enriched and isolated As a 
consequence of this, some genes will be cut one or more times, giving rise to two 
or more fragments of different sizes. If those same genes are differentially 
expressed then two or more of the different size fragments may come through 
as separate bands on the final differential display, increasing the observed 
redundancy and increasing the number of redundant sequencing reactions. 
Sequence comparisons also throw up another important point-at what degree 

of sequence similarity does one accept a result. Is 90% identitiy between a gene 
derived from your model species and another acceptably close? Is 95% between 
your sequence and one from the same species also acceptable? This problem is 
particularly relevant when the forward and reverse sequence comparisons give 
similar sequences with completely different gene species! An arbitrary decision 
seems to be to allocate genes that are definite (95% and above similarity) and then 
group those between 60 and 95% as being related or possible homologies 



Quantitative analysis 

At some point, one must give consideration to the quantitative analysis of the 
candadate genes, either as a means of confirming that they are trulv differentially 
expressed, or in order to establish just what the differences are. Northern blot 
analysis is a popular approach as it is relatively easy and quick to perform. However 
the major drawback with Northern blots is that they are often not sensitive enough 
to detect rare sequences. Since the majority of messages expressed in a cell are of low 
abundance (see table 1), this is a major problem. Consequently, RT-PCR may be the 
method of choice for confirming differential expression. Although the procedure is 
somewhatmore complex than Northern analysis, requiring synthesis of primers and 
optimization of reaction conditions for each gene species, it is now possible to set up 
high throughput PCR systems using mulitchannel pipettes, 96 +-well plates and 



684 v „ „ 

J- C. Rockett et al. 



money and time needed to develon a Z ^ UUCrnaI stand « d . the 

^T h «~^tb.«^' ~^ h ^ » often excessive 
use of semi-quantitative analysis is simn 7 k even L hundred * of gene species. The 
must first of all choose an ^ ^^Zt?* t** ^ 
compared to the controls. Numerous referee a T "I Chan8e m * e *» cells 
example interferon-gamma (IFN-, Frve Tal in the P ast . for 

hydrofolate reductase (DHFR, Mohler and Buder ^ " * J " 4 ^ di - 

m, Murphy et al. 1990), hypoxanthin. J/ I f J) * ^-microglobulin (5-2- 
1. 1998) and a „ umbe tfi^^?^"* ^sferase (HPRT, Fo S t e 
standard should not change its S ^ « -el 

stage m the cell cycle or through the effect of , **? regardless of «" 

shown on numerous occrij^^^^f. However, it has been 
used by the research community do in ITchL™ h . ou,eke *»« currently 
different tissues (ClonTechniques S conditions and in 

hminary experiments be carried out on a L.1 " ,mperatlve . therefore, that pre- 
their suitability for use in the model system h ° USekee P^ genes to establish 

Interpretation of quantitative da* must also h 
comparing the lists of genes identified bv dS. ^ trCated with cau "on. By 
P^ightintowhytwo different stci^ain^ CXPreSSi ° n ° nC ™ 
For example, rats and mice appear L hiv e t " he ™™ ^ * CXtCrnal Stimu «- 
range of peroxisome Proliferated whi^ "on-genotoxic effects of a wide 

resistant (Orton et al. 1984 RodrTrkc I 4? ha ™«ers and guinea pigs are lareelv 
Makowska et al. 1992). J^^^^' ^ " *™ ™> 
compare lists of up- and down-regulated cen t ? B rCaS ° n(s) wh ? is *> 
expressed in only one species and *™.ST i ' * idemify those "hich are 
*^^.»^t W g^. ra S^S f ^SS nd knowle ^e of the effects" 
or protection. Of course, the Mita^ ^^^^^^cino^^ 
there were one key gene protecting «ufa« f ' m ° rC COm P ]cx - P "haps if 

upregulated 50 times by pp. the samT" ? T non -* enot <»"'c effects and it was 
in the rat. However, since bo* w Tn t IZZ" ' ^ "ve W 

gene may be overlooked. Just to compfcat maT'* f^' of the 
does not necessarily mean a biologie.Twi * ^ chan * e » expression 

true relevance of gene Y which ^^fiZZ?^ F " m ^ What is *« 
and gene Z which shows only a 5-fold increase "if o " 3 PaniCU,ar treatme "t, 
may find that historically, ge„ e y has often Deen sho" "T"" 
fold by a number of unrelated stimuli- ^ ? ? be u P- re e u >"ed 40-60- 
appear less significant. How^ ,u" " eni 01 tnis the 5 0-{old 

increase would 

recorded as having more than M^^Z^ Zh «°™^ 
mcreaseall the more exciting. Perhaps e v en Z ! n ~" W h ""^ y ° Ur 5 " fo,d 
mcrease has only been seen in rd^e^.™ is * *« -me 5-fold 

chemicals. neoplasms or following treatment with related 

Problems in using th differential^- , 

• devdopn.ent,, process „ r Ibll^^^^ r< ? ,d, » d .»««»i~l./*1I.« 

ng exposure to g,» er , stlmuIi However ft hj> 
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Furthermore, there are imDortam Zl Jl^ ^ show cha **« in expression, 
which differs.) « pressi( £ Ml y ru Z^/< S° diSMSe """"l— I 
of th.s is the presence of small de) y ^ ™»Z des,8ned ""fdress. An example 
seen in active o„co g e„cs/™Z; °~; 0rPOm,mUttti01,SSUCh "*~« 
morphisms. Polymorphic variations L^T I Md mdividu °l I»Iy- 

re 8 ,rded as being „f pararnoun, ""tjf ^ « °^ 

respond bm«th„ others » cenain dn,.„:;l.' r' i, ! mn ? whv s »"» patients 
some people are less affected by potentially d,^ ( l0gical ext «sion. why 

others). The identification 

polymorphisms requires the subsequent^ ™ ? *** °«««ing 
or TGGE to the gene of interest. Fu^Ztl ^ "T^' SSCP « 
to address issues such as ^ is »« ^signed 

abundance of mRNA is a result of i^c „ Z e r 6 SpeC,eS ° r wheth « «n increased 
stability. increased transenption or increased mRNA 

Conclusions 
they^l^ 

deferentially expressed, since the are d " I ^ " ^nes which are 

demonstrate altered expression. ThiLTans n rth * ""^ 3 " genes w "i<* 
previously unknown genes which mayTu* D « be ^ 'V?" 56 ™ for *e isolation of 
state or condition. At least one open system Art bl ° marke " of. particular 
ehminatmg the need to return to thLrigfn XrNA a V § qUantitative . thus 
analyse to confirm the result. However t he ™ * ° Ut No "hern/l>CR 

projects means that over the next 5-10 v,- P r °gress of genome mapping 

will switch from open to closed di.^"^ bala " Ce of «Pen m e„tal P U se 
arrays. Arrays are easier and faster to nr " J P y Systems . Particularly DNA 
suitable for high throughput «^*^b T' ^urive data, « 

pathways or families of ge'nes. l*^^^* * ^ " S ^ signalling 
common laboratory an i mals c^^TdZrh ^ 8 T^ U ^^ hva ^ 

^^sthatitwillsoonnolongerb^neceLTv^o ° NA a " ay ^hnology, 
genes using thc tecftni i^^^^^-^-WeremMy^J^ 

mam advantage (that of identify mB U nkn B ° pe " syStCm a PP roa <*. Thus, their 
Hkely, therefore, that their^h^o?^" be largd * erad '<**d. It" 

lesscommon laboratory speeds ^ ?^Te"^ > ^Tf " 
such animals as zebrahsh, electric eels Jrb 1 k t T' ?" bef0re the genomes of 
be sequenced. CelS ' gerbl]s > cra y fis h and squid, for example will 

P--- problem is undelndt"^ gCneS ? °" 

cause or consequence of the altered s^ Furthf ^ e * PreSSed gCnes a " a 

non-genotoxic carcinogens, are also mitl many chemi <*ls. such as 

replication will also be upregulated tt ma^ ^e tie" T Wi * 

may nave httle or nothing to do with the 
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carcinogenic effect. Whilst differential display technology cannot hon. t« , 

*~ questaons, it does provide a springboard from ^ic^Z^n 

and functional studies can be launch tt„^ ^ j- * "«««ion, regulatory 

P hotogra P hs-an impossible 6 J sT ln " H / ! ? * did fr ° m a few 
must Lfout the cap" ^'^^^^ ^ 
officers, what the orders were and wh hc S« £r^^ COmmandin * 
terrain, the remains of the battle and cZI;aJ Jt 5 \ mUSt e * amme the 
conditions exerted. Likewise "f mel^ PTeVailin8 

knockout technology, the analy A tCchni « ues . « 

time and dose response ^iZ^V ^ ^ 
importance of differentia] gen ^profiHn .i' U ^ em P hasi "d the 

the full impact of this ^pZT^ ZSZ^X™??* » i8 ° lation a " d 
functional genomics and protege (2 dwfl , m , COmbin " ion w »h 

focusing and subsequent SDS ( ^ dimensional P rote »> gels from isoelectric 

electrophoresis) i. ^ ^ 2D - >pi 

changed resulting in diffTr Z ^T^Zl? C V'"™ "T™ « many of the 
levels, as decribed extensive! herein bu lnV ° 1Ve ChangCS in mRNA 
protein P^sphorylatio^ 

proteomic technologies for investigation. functional genomics or 

Despite the limitations of differential di«nlav i • • , 

potential applications and benefit can t ohSii u T' " ,Sdear that mu * 
changes that occur in a cell durinLormal T cl ? aracteri2in 8 the genetic 

to chemical or biological i nsu £ t"™ ^f*™ 1 ad * r «P™ 

measurable. Amongst other ^ ,uchT„ B ^ alm ° St im " 

raos, efflcacious «rc me », P ^ and ' agi ""' perha ' )s indicatt *« 

and evolution of differential contl ™»>g development 
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SUMMARY 



The technique of differential display reverse transcription-polymerase chain reaction (ddRT-PCR) has been used to produce unique 
profiles of up-regulated and down-regulated gene expression in the liver of male Wistar rats following short term exposure to the 
non-genotoxic bepatocarcinogens, phenobarbital and WY-14,643. Animals were treated for 3 days, whereupon their livers were 
extracted and snap frozen. mRNA was prepared from the livers and used for ddRT-PCR. Individual bands from the differential 
displays were extracted and cloned. False positives were eliminated by dotblot screening and true positives then sequenced and 
identified. 



INTRODUCTION 

Safety evaluation of new chemicals usually necessi- 
tates the examination of genotdxic and carcinogenic 
potential using short-term in vitro and in vivo geno- 
toxicity assays augmented by chronic bioassay tests. 
The short-term assays have proved useful in the early 
identification of potential genotoxic carcinogens, but 
their value is limited by observations which suggest 
that approximately 60% of chemicals identified as car- 
cinogens in life-exposure studies produce mainly 
negative findings in short-term genotoxicity tests (1,2). 
Thus, there is currently no reliable and rapid means of 
evaluating the carcinogenic risk of new chemicals 
which fall into this latter group of compounds, termed 
non-genotoxic (or epigenetic) carcinogens. 



Please send reprint requests to : Dr John Rockett, Molecular 
Toxicology Group, School of Biological Sciences, University 
of Surrey, Guildford, Surrey GU2 SXH, UK. 



It is now evident that non-genotoxic carcinogens 
constitute a group of chemicals which are not only di- 
vergent in their interspecies toxicity, but also demon- 
strate different target organ selectivities and mecha- 
nisms of action (3,4). Elucidation of the molecular 
mechanisms underlying non-genotoxic carcinogenesis 
is currently underway, but the picture is still far from 
complete. It is anticipated that a better understanding 
of the early changes in genetic expression following 
exposure to non-genotoxic carcinogens will aid devel- 
opment of experimental strategies to identify cellular 
markers which are diagnostic for this type of toxicity. 

Subtractive ddRT-PCR is a recently developed 
technique which facilitates the preferential amplifica- 
tion of gene products that demonstrate altered expres- 
sion in target tissue(s) following exposure to chemical* 
stimuli. Furthermore, using this technique, no prior 
knowledge f the specific genes which are up/down 
regulated is required. In the current study, we have un- 
dertaken to develop a specific and rapid assay for non- 
genotoxic carcinogens using the technique of ddRT- 
PCR. This has allowed us to identify characteristic 
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patterns of gene regulation following administration of 
two different non-genotoxic carcinogens (phenobarbi- 
tal and Wy.J4.643) and the subsequent identification 
of individual gene species which are regulated by this 
xenobiotic treatment 



MATERIALS AND METHODS 

Animals and treatment 

Phenobarbital (BDH, Poole, UK; 100 mg/kg/day) or 
(4<Woro^2,3-xylidino>2-pvrunidinylthio] acetic 
acid (Wy-14,643) (Campo. Emmerich; 250 
mg/kg/day) was administered by gavage to groups of 
3 male Wistar rats (150-200 g) on three consecutive 
days, whilst control animals received nothing. All ani- 
mals had free access to food (rat and mouse standard 
diet, B&K Universal, Hull, UK) and water. The ani- 
mals were killed on the fourth day, whereupon their 
livers were excised, sliced into 0.5 cm cubes, snap fro- 
zen in liquid nitrogen and then stored at -70°C. 

mRNA extraction 

Up t 0.25 g of each frozen liver sample was ground 
under liquid nitrogen using a mortar and pestle. 
mRNA was extracted from the ground liver using 
Promega's PolyATtract® System 1000 (Promega, 
- Madison, WI, USA) according to the technical man- 
ual. The mRNA was DNase-treated (Promega, final 
concentration 10 U/ml) before phenoUchloroform ex- 
traction and ethanol precipitation. The mRNA was re- 
suspended at a final concentration 500-1000 ng/uJ. 

ddRT-PCR 

This was carried out using the PCR-Select™ cDNA 
Subtraction Kit (Clontech, Palo Alto, CA, USA) ac- 
cording to the manufacturer's instructions. Final PCR 
reactions were run on a 2% Metaphor agarose (FMC, 
Rockland, MD, USA) gel containing ethidium bro- 
mide (Sigma, Dorset, UK) and then overstated for 30 
min with SYBR Green I DNA stain (FMC, 1:10 000 
dilution in TAE). 



the DNA eluted using a Genelute™ Agarose Spin Col- 
umn (Supe co. Bellefonte). An aliquot f the eh£d 
DNA (5 UJ) was re-amplified using the original ddRT- 
PCR nested primers and electrophoresed on a 2* 
agarose gel. The re-amplified band was extracted from 
the gel (as above) and the eluted DNA ligated directly 

r nt °, ^ T7° TA aonin «® veclor 0»vitrogen. 

" ^^ation in Escherichia coli 
TOP10F One Shot™ cells (Invitrogen). 

Stage 1 screening 

Twelve transformed (white) colonies from each band 
were grown up for 6 h in 200 uJ LB broth containing 

Ti !! ,Ji ^ 50 Ug/ml) 9116 1 VI of this ampli- 
fied by PCR reaction (as specified in ddRT-PCR tech- 
nical manual). One quarter of the completed reaction 
was electrophoresed on a standard 2% agarose gel and 
one quarter on a 2% agarose gel containing HA Yel- 
ow (Hanse Analytik GmbH, Bremen. Germany, 1 
Vhti) to discern the different cloning products. The re- 
mainder was used to prepare duplicate dotblots on Hy- 
bond N+ (nylon) membranes (Amersham. Little Chal- 
font, UK). Cultures containing different cloning prod- 
ucts were grown up and a plasmid miniprep prepared 
from each (Wizard Plus SV Minipreps DNA Purifica- 
uon System. Promega) according to the manufac- 
turer s instructions. 



Stage II screening 

The duplicate dotblots were probed with: (a) the final 
differential display reaction; and (b) the 'reverse-sub- 
tracted differential display reaction. To make the 're- 
verse-subiracted' probe, the subtractive hybridisation 
step of the ddRT-PCR procedure was carried out using 
the onginal tester cDNA as a driver and the driver as 
a tester. Probing and visualisation were carried out us- 
ing the ECL Direct Nucleic Acid Labelling and Detec- 
tion System (Amersham) according to the manufac- 
turer s instructions. Those clones which were positive 
for (a) but negative for (b), or showed a substantially 
larger positive signal with (a) compared to (b). were 
chosen for further analysis. 



Band extraction and cloning 

Each discernible band from the differential display 
pattern was extracted from the gel with a scalpel and 



DNA sequencing 

Positive clones as identified above were sequenced on 
an automated ABI DNA sequencer (Applied Biosys- 
terns. Warrington, UK). 
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Fig. 1 : (4) Subtractrve ddRT-PCR patterns obtained from rat liver following 3-day treatment with wv n u 

1. 1 » ladder lane 2. genes up-regulated following Wv iSr^n^^an^l ^ ? " P ^° b ^^- ^ e 
Wy.14-643 treatment; lane 4. genes up-reeulated foIlowL 2*Z*?L*?. . . 3 ' gcncs down-regulated foDowing 
phenobarbital treatmenr. and "lie" T£S£?& S2S!SS?SKS lZ -''JR? down " re ^^ 'ollowinl 




re^hfi^and run on agarose gels to confirm amplification of correct band (number^. S JSST 
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Band number (Fig. 2) * 
(Approximate size m bp) 



1 (1500) 




95.3% 


2(1200) 




9£3% 


3(1000) 




91.7% 


7(700) 


Clone 1 


77.2% 




Clone 2 


94.5% 




Clone 3 


91.0% 


6(650) 


Clone 1 


66.9% 




Clone 2 


96.2% 


9(600) 


Clone 1 


86.9% 




Clone 2 


82.0% 


10(550) 




73.8% 


11 (525) 




95.7% 


12(375) 




100.0% 


13(230) 


Clone 1 


97.2% 




Clone 2 


100.0% 




Clone 3 


100.0% 


14 (170) 




96.0% 


15 (140) 




97.3% 


Others: (300) 




96.7% 


(275) 




93.1% 



m Phenobarbital down-regulated 

H'gHeaseeuencehomology MUA-UiBL gene identic** 

Rat mRNA for 3-oxoacyf-CoA thiolase 
Rat hemopoxm mRNA 
A rattus alpha-2u-globuJin mRNA 
M. muscufus mRNA for CI inhibitor 
Rat electron transfer flavoprotein 
Mouse topoisomerase 1 (Topo 1) mRNA 
Soares 2NbMT M. muscufus (EST) 
Rat alpha-2u-globuBn (s-type) mRNA 
Soares mouse NML M. museutus (EST) 
Soares p3NMF19.5 M.musculus (EST) 
Soares mouse NML M. muscufus (EST) 
NCLCGAP.Prl H. sapiens (EST) 
R. norvegicus mRNA for ribosomal protein 
Soares mouse embryo NbMEl35 (EST) 
Rat fibrinogen B-beta-chain 
Rat apolipoprotein E gene 
Soares P3NMF19.5 M. muscufus (EST) 
Stratagene mouse testis (EST) 
A norvegicus RASP 1 mRNA 
Soares mouse mammary gland (EST) 

EST = expressed sequence tag. 



Bands 4-6 were shown to be false 



positives by dotblot analysis and. therefore, not sequenced. 



Table II : Rat liver genes unregulated by pbenobarbital treatment 



Band number 
(Approximate size in bp) 

5(1300) 
7(1000) 

8(950) 
10(850) 
11 (600) 

12(750) 

15(600) 

16(550) 

21 (350) 



Pbenobarbital up-regulated 
Highestseauencehomology >MA.LMBL ^identification 



Clone 1 
Clone 2 



Clone 1 
Clone 2 



93.5% 
95.1% 

98.3% 
95.7% 
94.9% 
75.3% 
93.8% 

92.9% 

95.2% 
93.6% 
99.3% 



Rat cytochrome P450IIB1 

mRNA for rat preproalbumin 

Rat serum albumin mRNA 

NCLCGAP.PM H. sapiens (EST) 

Rat cytochrome P450IIB1 

Rat cytochrome P450IIB1 

Rat cytochrome p450-L (p450IIB2) 
Rat TRPM-2 mRNA 
Rat mRNA for sulfated glycoprotein 
mRNA for rat preproalbumin 
Rat serum albumin mRNA 
Rat cytochrome P450IIB1 
Rat haptoglobin mRNA partial alpha 
R. norvegicus g nes for 18S. 5.8S & 28S rRNA 
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Identification f differentially-regulated 
genes 

* Gene-sequences were identified using the FASTA pro- 
gramme (htq>^/www.ebi.ac.uk/htbin/fasta.py?request) 
to search all EMBL databases for matching DNA se- 
quences. 



RESULTS 

Figure 1A3 shows the ddRT-PCR patterns of genes 
showing altered expression in rat liver following 3 day 
treatment with phenobarbital or Wy-] 4,643. Individual 
bands were isolated from the phenobarbital-modulated 
patterns (both up- and down-regulated), re-amplified 
(Fig. 2), cloned, screened for false positives and then 
identified. Those xenobiotic-modulated gene products 
identified to date are listed in Tables 1 and II. 



DISCUSSION 

Thp advent of combinatorial chemistry has led to the 
synthesis of millions of new chemical compounds, 
many of which may be potentially useful in pharma- 
ceutical, agricultural or industrial applications. How- 
ever, whilst there are tests available for those posing a 
genotoxic activity, there remains no short-term assay 
able to identify those chemicals which may belong to 
the non-gen toxic group of carcinogens. 

We have used an adaptation of the subtractive hy- 
bridisation method - ddRT-PCR - to produce charac- 
teristic profiles or 'fingerprints' of those genes which 
are up-regulated or down-regulated in male rat liver 
following acute exposure to test chemicals. The ddRT- 
PCR profiles are characteristic and unique for each of 
the 2 compounds studied to date. 

A number of those gene species showing altered 
expression following phenobarbital treatment have 
been cloned and identified (Tables I & II). It is inter- 
esting to note the presence of CYP2B2 in the up-regu- 
lated genes. This would, of course, be expected fol- 
lowing exposure to phenobarbital and serves as a posi- 
tive control for the method. Other genes which one 
might normally expect to be up-regulated do not ap- 
pear in the table. However, it should be noted that not 
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all bands seen on the differential display were ex- 
tracted and re-amplified due to their being too faint or 
too close to other bands to accurately excise. Further- 
more, it has been well documented [(5) and references 
therein] that a single band extracted from a differential 
display often represents a composite of heterogeneous 
products. We are currently examining new methods to* 
(0 improve resolution of the differential display pat- 
terns (including 2-D agarose gels); and (ii) distinguish 
those ddRT-PCR products which are identical in size, 
but different in sequence. 

Our future efforts will be directed towards deter- 
mining the extent of modulation of a number of the 
genes reponed herein using semi-quantitative RT- 
PCR. This should reveal the extent of changes in ex- 
pression of key gene products which may be involved 
in non-genotoxic hepatocarcinogenesis and thus help 
increase understanding of this process. Furthermore it 
is anticipated that aligning ddRT-PCR profiles of dif- 
ferent non-genotoxic agents found in responsive and 
non-responsive species may enable identification of 
those genes which are mechanistically relevant to the 
non-genotoxic hepaiocarcinogenic process. Accord- 
ingly, this approach lends itself well to the identifica- 
tion, characterisation and sub-classification of possible 
different classes of non-genotoxic carcinogens. 
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Abstract 



Understanding the genet.c profile of a cell at all stages of normal and carcinogenic development should provide an 
essentia to developing new strateg.es for the prevention, early detection, diagnosis and Seatment of canan We 
have attempted to identify some of the genes that may be involved in peroxisome-proliferator (SSicS 
non-genotoxic hepatocarcinogenesis usmg suppression PCR subtractive hybridisation (SSH). Wistar rats (male) were 
chosen as a representative susceptible species and Duncan-Hartley guinea pigs (male) as a resistant soecies to 
hepatocarcinogenic effects of the PP, [4^hloro-6-(2,3.xylidino)-2-pyrimidinylthio acetic acid ?W y "4 6^) In c^h 
case, groups of four test annuals were administered a single dose of Wy-14,643 (250 mg/kg per day in corn oilTby 
gastnc mtubauon for 3 consecufve days. The control animals received corn oil only. On the fourth day the animate 
were killed and liver mRNA extracted. SSH was carried out using mRNA extracted from the rat and guinTcig 
livers and used to isolate genes that were up and downregulated following Wy-14,643 treatment. These genes 
included some predictable (and hence positive control) species such as CYP4A1 and CYP2C11 (unregulated I and 
downregulated in rat liver, respectively). Several genes that may be implicated in hepatocarcinogenesis have also been 
idenufied as have some unidentified species. This work thus provides a starting point for developing a molecuS 
profile of the early effects of a non-genotoxic carcinogen in sensitive and resistant species that could ultimately lead 
to a short-term assay for this type of toxicity. © 2000 Elsevier Science Ireland Ltd. All rights reserved. 

ZT^Zl'r' 6431 PerOX Jf° n,e P™ 1 *™^ Non-genotoxic hepatocarcinogenesis: Suppression PCR subtractive hybridisation- 
RT-PCR; Rat; Guinea pig; Gene regulation; Differential gene display; Gene profiling yonaisauon. 
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Introduction 

The advent of combinatorial chemistry and 
mputer-aided drug design has led to a recent 
>surge in the number of chemical compounds 
at have potential therapeutic, agricultural and 
iustrial applications. Although it has been sug- 
>ted that the contribution of synthetic chemicals 
the overall incidence of human cancer is low, 
•re still remains an absolute requirement to 
iluate all new chemicals for toxic and carcino- 
id potential. The latter is one of the most 
>blematic areas of chemical safety evaluation 
i is usually carried out using short-term in vitro 
1 in vivo genotoxicity assays augmented by 
onic bioassay tests. The short-term assays have 
ved useful in the early identification of poten- 
genotoxic carcinogens, but their value is lim- 
by observations that suggest that 
roximately 60% of chemicals identified as car- 
eens in life-exposure studies produce mainly 
ative findings in short-term genotoxcity tests 
hby, 1992; Parodi, 1992). Thus, there is cur- 
ly no reliable and rapid means of evaluating 
carcinogenic risk of new chemicals that fall 
this latter group of compounds, termed non- 
toxic (or epigenetic) carcinogens, 
ne approach to addressing this problem is to 
date the molecular mechanisms by which 
vn non-genotoxic carcinogens act. It should 
be possible to identify common factors/ 
lanisms that can serve as early biomarkers of 
nogenic potential for new chemicals. To this 
a large number of groups have reported on 
/arious effects of non-genotoxic compounds 
arious animal species (Marsman et al., 1988- 
et al., 1993; Cattley et al., 1994; Hayashi et 
994; Human and Experimental Toxicology 
Anderson et al., 1996). However, the mech- 
c picture is still far from complete with many 
ose genes involved in the carcinogenic pro- 
-emaining unknown, and their identification 
ore remains a key goal in elucidating the 
:ular mechanisms by which non-genotoxic 
•ogenesis occurs. 

tractive hybridisation (SH) and related tech- 
ies such as representational difference analy- 
IDA) (Hubank and Schatz, 1994) and 



differential display (DD)-(Liang and Pardee 
1 992) can be used to aid the isolation of genes' 
showing altered expression in target tissues fol- 
lowing exposure to a chemical stimulus. These 
techniques can also be used to identify differential 
gene expression in neoplastic and normal cells 
(Liang et al., 1992), infected and normal cells 
(Duguid and Dinauer, 1990), differentiated and 
undifferentiated cells (Sargent and Dawid, 1983- 
Gmmaraes et al., 1995), activated and dormant' 
ceHs (Gurskaya et al., 1996; Wan et al., 1996) 
different cell types (Hedrick et al., 1984; Davis et 
al., 1984) amongst others. Most importantly us- 
ing such approaches, no prior knowledge of the 
specific genes that are upregulated/downregulated 
is required. 

Using a variation of SH, termed suppression- 
PCR subtractive hybridisation (SSH) (Diatchenko 
et al., 1996), we have previously reported the 
isolation of a number of genes showing altered 
expression m male rat liver following acute expo- 
sure to phenobarbital (Rockett et al 1997) i n 
the current work we have used the same experi- 
mental approach to isolate genes that are differen- 
tially expressed in the livers of male rats and 
guinea pigs following short-term (3-day) exposure 
to the peroxisome proliferator (PP) and non- 
genotoxic hepatocarcinogen, Wy-14,643. We have 
isolated and identified a number of gene species 
some of which may be important in the induction 
of, or protection against, non-genotoxic 
nepatocarcinogenesis. 



2. Materials and methods 

2.1. Animals and treatment 

All animal experiments were undertaken in ac- 
cordance with Her Majesty's Home Office De- 
partment guidelines under the auspices of 
approved personal and project licences. Male 
Wistar rats (150-200 g) and male Duncan-Hart- 
ley guinea pigs (250-300 g) were obtained from 
Kingman and Bantam (Hull, UK). Upon receipt 
both groups were randomly assigned into two 
groups of four. They were maintained on a rat 
mouse or guinea pig standard diet (B&K Univer- 
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"sal, Hull) and a daily cycle of alternating 12-h 
. periods of dark and light The room temperature 
was maintained at 19°C and a relative humidity of 
55%. The animals were acclimatised to this envi- 
. ronment for 7 days before treatment commenced. 

[4-chloro-6-(2,3.xylidino>2-pyrimidinylthio] acetic 
acid (Wy-14,643, Campo, Emmerich; 250 mg/kg 
per day in corn oil) was administered by gavage 
to the treated groups of rats and guinea pigs on 3 
consecutive days, whilst control groups received 
an equal volume of com oil only. During this 
time, all animals had free access to food and 
water. The animals were killed by cervical disloca- 
tion on the fourth day, and their livers immedi- 
ately excised, weighed, sliced into approximately 
0.5-cm cubes, snap frozen in liquid nitrogen and 
stored at - 70°C. 

2.2. mRNA extraction 

Approximately 0.25 g of each frozen liver sam- 
ple was ground under liquid nitrogen using a 
mortar and pestle. Messenger RNA was extracted 
from the ground liver using the PolyATtract® 
System 1000 kit (Promega, Madison, USA) ac- 
cording to the technical manual provided by the 
manufacturers. The mRNA was DNase-treated 
(RQ Rnase-free Dnase, Promega, final concentra- 
tion 10 U/ml) before phenol/chloroform extrac- 
tion and ethanol precipitation. The mRNA was 
redissolved at a final concentration 500-1000 ng/ 
ul- 



2.3. cDNA Subtraction 

This was carried out using the PCR-Select™ 
cDNA Subtraction Kit (Clontech, Palo Alto, 
USA) according to the manufacturer's instruc- 
tions. Subtractions were carried out with mRNAs 
derived from single animals. The mRNA from the 
emaining three animals in each group was later 
ised for quantitative RT-PCR analysis of specific 
;enes. 

\4. Band extraction and cloning 

The secondary PCR reactions from the cDNA 
jbtraction procedure were run on a 2% 
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Metaphor agarose gel (FMC, Rockland, USA) 
contammg 0 5 ug/ml ethidium bromide (Sigma 
Dorset, UK). One times TAE (0.04 M Tr^Tr 
etate, 0.001 M EDTA) was used to prepare toe gel 
and as the running bufTer. After running for 6-7 

?i c2LX /C ? At £Cl Was oversta »ed for 30 min 
with SYBR Green I DNA stain (FMC, 1:10000 
dilution in 1 x TAE). Each discernible band of 
the differential display pattern was extracted from 
the gel with a scalpel and the DNA eluted using a 
GeneluteJM agarose spin column (Supelco, Belle- 
fonte, USA). Five microlitres of the eluted DNA 
was ^amplified using the original nested (sec- 
ondary) PCR primers supplied with the PCR-Se- 
lect™ cDNA subtraction kit. The PCR products 
were electrophoresed on a 2% standard agarose 
gel (Boehnnger Mannheim, East Sussex, UK) and 
the reamplified target bands extracted from the 
gel as above. The eluted DNA was immediately 
hgated into a TOPO TA Cloning* vector (Invitro- 
gen Carlsbad, USA) before transformation in 
Escherichia coli TOP10F One Shot™ cells 
(Invitrogen). 



2.5. Colony screening 

2.5.1. Stage I 

Eight transformed (white) colonies from each 
band were grown up for 6 h in 200 ul LB broth 
containing ampicillin (Sigma, 50 mg/ml). One mi- 
crolitre of this was subjected to PCR using the 
same conditions and nested primers as described 
above. One tenth (2 ul) of the completed PCR 
reaction was electrophoresed on a 2% standard 
agarose gel and one tenth on a 2% standard 
agarose gel containing HA red (Hanse Analytik 
GmbH, Bremen, Germany, 1 U/ml) to discern the 

I y Cl ° ned P roducts - The remainder of 

the PCR reaction was used to prepare duplicate 
dotblots onHybond N+ membranes (Amersham, 
Little Chalfont, UK). 

2.5,2. Stage II 

The duplicate dotblots were probed with (a) the 
final differential display reaction and (b) the 're- 
verse-subtracted' differential display reaction To 
make the 'reverse-subtracted' probe, the subtrac- 
ts hybridisation step of the differential display 
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IT-PCR procedure was carried out using the 
riginal tester (treated) mRNA as the driver and 
hie original driver (control) mRNA as the tester, 
robing and visualisation were carried out using 
ie ECL direct nucleic acid labelling and detec- 
on system (Amersham, Little Chalfont, UK) ac- 
Drding to the manufacturer's instructions. Those 
ones that were positive for (a) but negative for 
)), or showed a substantially larger positive sig- 
al with (a) compared to (b), were selected for 
NA sequence analysis. 

6. DNA sequencing 

The remainder of the cultures (prepared in 
ige 1 screening) containing different cloning 
oducts (as discerned in the two screening steps) 
in grown up overnight in 5 ml LB broth con- 
ining ampicillin (50 mg/ml). A plasmid miniprep 
is prepared from each (Wizard Plus SV 
inipreps DNA purification system, Promega) 
:ording to the manufacturer's instructions. The 
>ned inserts were sequenced on an automated 
BI DNA sequencer (Applied Biosystems, War- 
gton, UK) using the Ml 3 forward primer 
TAAAACGACGGCCAGT) or M13 reverse 
mer (AACAGCTATGACCATG). 

. Identification of differentially regulated genes 

3ene sequences thus obtained were identified 
ng the FASTA 3.0 programme (Lipman and 
irson, 1985; Pearson and Lipman, 1988) (http:/ 
vw.ddbj.nig.ac.jp/E-mail/homology.html) to 
rch all EMBL databases for matching DNA 
uences. Each clone sequence was submitted in 

forward and reverse direction, and the one 
irning the highest statistical probability of 
ch to a known sequence was noted. Sequence 
lologies between our submitted clone sequence 

the queried database sequence were deter- 
ed (by FASTA) over a region of at least 60 
: pairs. 

RT-PCR analysis of selected candidate genes 

)NA sequences of the target genes were ob- 
id from the NIH gene database (GenBank at 



http://www.ncbi.nlm.mh.gbv/Web/Search/index. 
html) and the computer programme gene 
jockey (BioSoft, Cambridge, UK) used to select 
primer pairs from these sequences. Where guinea 
pig sequences were available, rat and guinea pig 
sequences were aligned and primers chosen from 
regions of homology. If guinea pig sequences were 
not available, rat and human sequences were 
used. In cases where exact homology could not be 
found, the sequence from the rat was used. In the 
case of CD81 only, no rat or guinea pig sequences 
were available and so mouse and human se- 
quences were aligned and a primer pair chosen 
from a region of homology. Primers (obtained 
from Gibco-BRL, Paisley, UK) were dissolved at 
a concentration of 50 pmol/ul in sterile distilled 
water and stored at -20°C. The primer pairs 
used plus other reaction parameters are shown in 
Table 1. mRNA was extracted (as described 
above) from all four treated animals and from 
three animals in the control group. Integrity of 
the eluted mRNA was confirmed on a 2% agarose 
gel, and the concentration and purity were mea- 
sured using a Genequant II spectrophotometer 
(LKB, Bromma, Sweden) and then diluted to 10 
ng/ul. One microlitre of this latter solution was 
used per RT-PCR reaction. 

RT-PCR was carried out in a single tube (50 ul) 
reaction using the Access RT-PCR system 
(Promega) according to manufacturer's instruc- 
tions. In the kinetic and quantitative analyses, 
omission of RNA was used as a control for the 
presence of any contaminating DNA. After ob- 
taining a PCR signal of the correct size and 
optimising the reaction conditions, each PCR 
product was digested with between two and four 
separate restriction enzymes. Specific restriction 
patterns were thus obtained, which further confi- 
rmed the identity of the PCR products as being 
the original target genes. Kinetic analysis (14-32 
cycles) was then performed in each case to deter- 
mine the location of the mid-log phase. 

For the semi-quantitative analysis of each 
target gene, RT-PCR reactions were carried out in 
triplicate for each sample to reduce the effect of 
intertube RT-reaction variations (Kolls et al., 
1993) and pipetting errors. For each gene, a mas- 
termix containing enough reagents for three times 
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the number of samples (seven for rat, six for 
guinea pig) was prepared except that mRNA was 
omitted, the latter being added after aliquoting 49 
ul of the mastermix into ah appropriate number 
of tubes. Amplification of albumin (the reference 
gene) was carried out in separate tubes since the 
mid-log phase of this gene is at a much lower 
cycle number than the target genes due to its high 
abundance. All RT-PCR products were analysed 
on 2% agarose gels containing 0.5 ug/ml ethidium 
bromide. The target gene samples were loaded on 
the gel first and run in at 3 V/cm for 10 min. The 
corresponding albumin samples were then loaded 
and the gel run for a further 1/2 h. In this way, all 



RT-PCR products from each target gene and 
albumin from the corresponding samples could be 
run on the same gel. Gels were photographed 
using type 665 posi-neg film (Sigma) and quanti- 
tation of the band intensity was carried out using 
a dual wavelength flying spot laser scanner densit- 
ometer (Shimadzu). 

2.9. Statistical analysis 

Statistical analysis of unpaired samples was ear- 
ned out using the two-tailed Student's /-test Val- 
ues were considered statistically significant at 
P < 0.05 or less. 



L 1 2 



L 1 2 



3. Results 



A B 

g. 1. Final displays of differentially expressed genes that 
•re (1) upregulated and (2) downregulated in rat (A) and 
•nea pi g (B ) livers following 3-day treatment with Wy- 
M3. mRNA extracted from contr ! and treated livers was 
:d to generate the differential displays using the PCR-Select 
NA subtraaion kit (Clontech). Lane (L) is a I Kb DNA 
dder standard and 10 aJ f secondary PCR reaction were 
ded in all ther lanes. 



3.1. Cloning and screening of transcripts 

For both the rat and guinea pig experimental 
groups, cDNA subtraction was carried out in the 
forward (control driving tester) and reverse (tester 
driving control) directions to isolate both upregu- 
lated and downregulated mRNA species respec- 
tively. Using a standard primary hybridisation 
time of 8 h we obtained a substantial amount of 
non-specific products in all the final differential 
displays (data not shown). This background 
smearing was almost completely removed by re- 
ducing the primary hybridisation time to 4 h 
^LONTECHniques, I996) - Fi §- 1 show * the 
ddRT-PCR patterns of genes showing altered ex- 
pression in rat and guinea pig liver following 
3-day treatment with Wy-14,643. The profiles are 
unique for each species, and in each case the 
profile for the upregulated genes (control mRNA 
driving tester mRNA) is different to that obtained 
for the downregulated genes (tester mRNA driv- 
ing control mRNA). 

The practical outcome of the SSH method is 
that a series of differentially expressed genes is 
observed as a ladder on an agarose gel. The 
majority of these gene fragments fall within the 
150-2000 bp range, with bands up to 5 Kbp 
occasionally being observed. Each band may the- 
oretically consist of one or more products of 
similar size, as the gel has a maximum resolution 
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Fig. 2. Discrimination of different ddRT-PCR products having 
the same molecular size using HA-red. Gel (A) is a 2% 
standard agarose gel. Gel (B) is a 2% standard agarose gel 
c ntaining 1 U/ml HA-red. Band numbers refer to the sequen- 
tial bands (largest to smallest) extracted from the original 
display of genes unregulated in rat liver following 3-day treat- 
ment with Wy- 14,643. Ten micorlitres of each PCR reaction 
were loaded per lane. 



of approximately 1.5% (3 bp per 200). In addi- 
tion, there may be two or more products that are 
the same size, but have a different sequence. 



Therefore some form of discrimination must be 
employed to isolate as many of these products as 
possible. HA-red screening (Geisinger et al., 1997) 
of a number of clones derived from each band 
provided a means to discriminate between differ- 
ent gene species of the same size. A typical exam- 
ple of such a gel is shown in Fig. 2. In total, 88 
and 48 apparently different clones were obtained 
from the final differential expression patterns of 
upregulated and downregulated rat genes, respec- 
tively. Sixty nine and 89 apparently different 
clones were obtained from the final differential 
expression patterns of the upregulated and down- 
regulated guinea pig genes, respectively. 

Having identified as many different candidate 
gene products as possible in the screening step I. a 
second screening step was carried out on every 
clone to confirm those that represented true dif- 
ferentially expressed genes. This is necessary since 
no subtraction technique is 100% efficient. The 
approach we used, termed PCR-select differential 
screening (as recommended in Clontech's PCR-se- 
lect cDNA subtraction kit protocol), utilises the 
forward and reverse subtractions as an aid to 
screening for the true differentially expressed 
genes (CLONTECHniques, 1997). Because these 
probes have already undergone subtraction, they 
have been enriched for differentially expressed 
genes and are therefore more sensitive than un- 
subtracted driver/tester cDNA probes for detect- 
ing true differential expression. All the clones that 
were isolated from each display were dotblotted 
and probed with the display from which they was 
obtained, plus the corresponding reverse-sub- 
tracted display. An example of such a blot is 
shown in Fig. 3. Clones corresponding to authen- 
tic differentially expressed mRNAs hybridised 
with the subtracted cDNA probe, but not the 
reverse-subtracted probe. We also included in the 
authentic positives, those clones that gave a sub- 
stantially greater signal with the subtracted probe 
compared to the reverse-subtracted probe. False 
positives hybridised with either both probes or 
with neither probe. Of the original 88 upregulated 
and 48 downregulated rat clones selected for this 
screening step, 28 (32%) and 15 (31%) respec- 
tively, were found to be true positives. In the rat, 
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I (100%) of the true positive upregulated genes 
fable 2) and 11 (73%) of the true positive down- 
elated genes (Table 3) were non-redundant. Of 
ie original 69 upregulated and 89 downregulated 
linea pig clones selected for this screening step 
: (70%) and 37 (42%) respectively, were found to 
true positives. Thirty six (75%) of the upregu- 
:ed genes (Table 4) and 33 (89%) of the down- 
Sulated genes (Table 5) were non-redundant. 

?. Identification of clones 

On sequence analysis it was found that some 
nes were unsequencable in the first instance 
.13 forward primer) due to long polyA runs 
l -t appeared to prematurely terminate the se- 
miring reaction. These clones were therefore 
squenced from the opposite direction using the 
3 reverse primer. Those xenobiotic-modulated 
e products identified to date are listed in Ta- 
; 2 and 3 (rat) and Tables 4 and 5 (guinea pig) 




Dot blots of clones of putative upregulated gene species 
I from guinea pig liver following 3-day treatment with 

SL? m ,dCmified iD th SU * e 1 «ep 
thc^s) were blotted and probed with (A) the differen 

mwK WhlCh **> ° riginaicd < conlroI ^ving 
and (B) the reverse subtraction (tr ated driving con- 
rrows mdrate some of the true differentially expressed 



Table 2 

Idendficadon of genes that were upregulated in male rat liver 
following 3-day treatment with WY-14,643- 



FASTA-EMBL gene 
identification (rat un- 
less otherwise stated) 

Carnitine octanoyl 

transferase 
NCI_CGAP_Lil (/f. 

sapiens) (EST**) 
Peroxisomal enoyl 
hydratase-like 
protein 
Liver fatty acid bind- 

ing protein 
Soares mouse 
P3NMF19.5 M. 
musculus cDNA 
clone 
Cytochrome 
P450IVA1 
Mit. 3-hydroxyl-3- 
rnethylglutaryl 
CoA synthase 
Rabgeranylgeranyl 
transferase compo- 
nent B 
Genes for 18S, 5.8S, 
and 28S ribosomal 
RNAs 
Carnitine acetyl 

transferase (mouse) 
Soares mouse NML 

(EST) 
Bone marrow stromal 
fibroblast (H. sapi- 
ens) cDNA clone 
HBMSF2E4 (EST) 
7.5dpc embryo 

(mouse) (EST) 
Alpha- 1 -macroglobu- 
lin 

Transferrin 
Lecithinxholesteroi 

acyltransferase 
Zn-o2-glycoprotein 
Serum albumin 
Fructose- 1,6-bisphos- 

phate J-phospho- 

hydr lase 
Soares mouse 

melanoma (EST) 

(S e ) 
Soares m use 

3NbMS (EST) 

CAS C ) 



Accession No. 

RN26033 
HS1275949 
RN08976 

V01235 
AA038051 

RNCYPLA 
RNHMGCOA 

RNRABGERA 
RNRRNA 



MMRNACAR 
MM1157113 
AA 545726 

AA408192 

RNALPH1M 

RNTRANSA 
RNU62803 

RN2A2GA 
RNJALBM 
RNFBP 

AA 124706 

AA 1 54039 



Sequence 
homology* (%) 

99 
98 
98 

96 
96 

94 
94 

94 

94 

92 
92 
92 

92 

91 

91 
90 

90 
89 



88 
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Table 2 (Continued) 



FASTA-EMBL gene 
identification (rat un- 
less therwise stated) 



Accession No. 



Sequence 
homology* (%) 



17-p.hydroxsteroid de- RNI7BHDT2 87 

hydrogenase 
Soares mouse AA03805I 87 

P3NMF19.5 (EST) 
Peroxisomal enoyl- RNPECOA 85 

CoA:hydratase -3- 

hydroxyacyi CoA 

bifunctiona! enzyme 
Integra] membrane S45012 81 

protein, TAPA-1 

(CD8I) (mouse) 
Soares mouse lymph MMAA88445 81 

node (EST) 
H. sapiens (clone L40401 76 

zapl28) mRNA 
Lysophospholipase ho- HSU67963 76 

mologue (human) 
Soares m use lymph AA2 17044 74 

node (EST) 

D Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence tag' — a gene of as yet 
unknown identity and function. 

c Where sequence homologies were equal in both directions 
of the isolated band, both the sense (S) and antisense (A) 
identities are given. 



In all cases, both the forward and reverse se- 
quence of the target clones were analysed and the 
gene having the highest statistical homology 
noted. 

3.3. RT-PCR analysis of selected clones 

The results of a typical RT-PCR semi-quantita- 
tion experiment for transferrin in the rat is given 
in Fig. 4 and the results for a total of 12 selected 
genes in both the rat and guinea pig are shown in 
Table 6. 



Table 3 



Identifiation of genes that were downregulated in male rat 
liver f flowing Way treatment with Wy-14.643 



FAST-EMBL gene 
identification (rat un- 
less otherwise stated) 



Accessi n No. 



Sequence 
homology" (%) 



NCI_CGAP_Lil (H. 

sapiens) (EST*)^) 
NCI_CGAP_Prl (H. 
sapiens) (ESTXAS*) 

UDP-glucuronosyl- 
transferase 
(UGT2B12) 

Complement compo- 
nent c3 

Soares mouse pla- 
centa (S) 

Ape (chimpanzee) 28S 
rRNA (AS) 

Rat CYP2C1 1 

Ribosomal protein S5 

Transthyretin 

Contrapsin-like 
protease inhibitor 

Prostaglandin F2a (S) 

P-2-microglobulin 
(AS) 

Apolipoprotein C-III 
Parathymosin-alpha 

(zinc2+- binding 

protein) 



AA484528 
AA469320 
RN06273 



RNC3 

AA023305 

PTRGMC 

RNCYPM1 
RNRPS5 
RNTTHY 
RNCCP23 

RN26663 
RNB2MR 

RNAPOA02 
RN112NBP 



99 



99 



98 



96 

96 

96 

95 
94 
94 
89 

84 
84 

82 
75 



11 Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence tag' — a gene of as yet 
unknown identity and function. 

c Where sequence homologies were equal in both directions, 
both the sense (S) and antisense (A) identities are given. 



4. Discussion 

It is now apparent that all cancers arise from 
accumulated genetic changes within the cell. Al- 
though documenting and explaining these changes 
presents a formidable obstacle to understanding 
the different mechanisms of carcinogenesis, the 
experimental methodology is now available to 
begin attempting this difficult challenge. In order 
to begin the elucidation of the molecular mecha- 
nisms involved in non-genotoxic hepatocarcino- 



J.C. Rockett et al/ Toxicology 144 (2000) 13-29 



-nesis, we have used SSH to identify a number of 
mes that are upregulated or downregulated in 
ale rat and guinea pig livers following short 
nn exposure to the PP, Wy-14,643. We have 
ed the rat model to represent a species suscepti- 
e to the non-genotoxic carcinogenic effect of 
>s and the guinea pig as a resistant species 
Won et al M 1984; Rodricks and Turnbull, 1987; 



Lake et ah, 1989; Makowska et al., 1992; Lake et 
al M 1993). 

Gurskaya et al. (1996), who originally devel- 
oped the SSH technique, cloned the products of 
the secondary PCR reaction and screened a small 
number of randomly selected colonies for differ- 
entially expressed clones using northern hybridisa- 
tion. However, we decided against this approach 



ble4 

tttification of genes that were upregulated in male g uinea pig liver following 3-day treatment with WY-14,643 
STA-EMBL gene identification (guinea pig unless otherwise stated) 

boxylesterase 

uplement C3 protein (GPC3) 
osolic aldehyde dehydrogenase (sheep) 
alase (human) 

ochondrial aspartate aminotransferase (pig) 
ngation factor- 1 -alpha (rabbit) 

I_CGAP_Br2 H. sapiens cDNA clone (EST) (Similar to chick mil. phosphoenolpyru- 
ate carboxykinase) 
ha- 1 -antiproteinase S 

ormyltetrahydrofolate dehydrogenase (rat) 
osomal pr tein L6 (rat) 
res pregnant uterus Nb (EST) (mouse) 
xhondrial citrate transpon protein (human) 
>plasmic chaperonin hTRiC5 (human) 
ia-1 -antiproteinase F 

:rogeneous nuclear ribonudearprotein cl/c2 (human) 
es parathyroid tumour (EST) (similar to human serum albumin precursor) 
:agene mouse kidney (EST) 

es parathyroid tumour NbHPA human cDNA (EST) 
es mouse mammary gland (EST) 
M d ne 15 004 (EST) (human) 
es senescent fibroblasts (EST) (mouse) 
roalburnin (human) 
M cl ne 73 169 (EST) (human) 
nin D-binding protein (human) 
1 gene (exon 8) (human) 
L flow sorted chromosome 
:s foetal liver spleen (EST) (mouse) 
:s foetal heart NbMH19W (EST) (mouse) 
s foetal heart NbHH19W H. sapiens cDNA clone (EST) 
ylalanine hydroxylase (human) 
ie-5-carboxylate dehydrogenase (human) 
1 1 hi onc-5- transferase homologue (human) 

CGAP.GCBI (EST) (human) 
rtive pr tein (human) 

27 375 (EST) (human) 

gene colon ( # 937 204) H. sapiens cDNA clone (EST) 



Accession No. Sequence 

homology* (%) 


AB010634 


97 


M34054 


97 


U 12761 


92 


X04076 


89 


MI 1732 


89 


X62245 


88 


AA587436 


87 


M57270 


83 


M 59861 


83 


X87107 


83 


A A 156847 


83 


L77567 


80 


U17104 


80 


M57271 


77 


D28382 


77 


AA860651 


76 


AA 107327 


75 


AA860653 


74 


AA6I9297 


74 


H01826 


74 


W52190 


74 


E04315 


72 


T56624 


72 


L1064! 


71 


YI1498 


71 


B05457 


7] 


AA009524 


71 


AA009421 


69 


W94377 


67 


U49897 


67 


U24266 


66 


U903I3 


65 


A A 769294 


65 


M22960 


64 


N37046 


62 


AA 149777 


62 



and the correspond- 
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Table 5 

. Identification of genes that were downrtgulated in male guinea 
pig liver following 3-day treatment with WY-14,643 



FASTA-EMBL gene Accession N . Sequence 
-identification (guinea homology" (%) 

pig unless therwise 
stated) 



C mplemgnt 


M 34054 


07 


nrntnn 

JJ1 UlvU) 






munn giODUun 




so 


Ajpna* i *an* 


Mj /x/ i 


00 
00 


uproicinase r 






elongation iactor-aj- 




OA 

89 


pba-l (rabbit) 






Coupling protein G 




88 


(human) 






NCI_CGAr_OvJ 


A A CO£?AO 

AA5oo3uy 


87 


(EST°) (human) 






Ledthin:cholesterol 


D 13668 


85 


acetyl transferase 






(rabbit) 






Aldolase B (human) 


X00270 


84 


Anti-thrombin III 


E001 J6 


80 


(human) 






Phenylalanine hy* 


K03020 


80 


droxylase (human) 






Inter-a*trypsin in- 


D38595 


79 


hibitor (human) 






Normalised rat mus- 


AA849753 


78 


cle (EST) (S*) 






Normalised rat ovary 


A A OA1 Afn 


78 


(EST) (AS C ) 






Complement factor 




77 


Ba fragment (hu- 






man) 






uinyarocioj aenydro- 


1 TACCftO 

U0559o 


76 


genase (human) 






opou«» gene (uiyroio- 


YU84W 


75 


njuuuuic ucpaiit 






protein)(human) 






BAC clone 174pl2 


AC004236 


75 


(human) 






Mitochondrial aide* 


X05409 


74 


hyde dehydroge- 






nase (human) 






Preproalbumin (hu- 


E04315 


74 


man) 






NCI_CGAP_Pr9 


AA533142 


74 


(EST) (human) (S) 






Normalised rat pla- 


AA851197 


74 


centa (EST) (AS) 






Heparin sulfate pro- 


J04621 


73 



teoglycan (human) 
cDNA clone 33 992 R24330 73 
(EST) (human) 



Table 5 (Continued) 



FASTA-EMBL gene Accessi n No. Sequence 
identification (guinea h mology* (%) 

pig unless otherwise 
stated) 



Retinol dehydrogenase U33501 71 
(rat) 

TAPA-1 integral mem- S45012 71 

brane protein 

(CD81) (mouse) 
Complement compo- M35525 70 

nent c5s 

Apolipoprotein B (pig) LI 1235 69 
cDNA clone 143 918 R76742 68 

(EST) (human) 
o-fibrinogen (human) K02569 68 
Soares foetal liver W03726 68 

spleen INF (mouse) 
Barstead bowel (EST) AA232049 67 

(mouse) 

UDP glucuronosy] AF0309137 66 

transferase (cat) 
Myeloid leukaemia cell L08246 65 

differentiation 

protein (MCL-1) 

(human) (S) 
STS SHGC-34 987 (hu-G27984 65 

man) (AS) 

Soares mouse AA222798 64 

3NME125 

Stratagene mouse em- AA 199420 64 

bryonic (EST) (S) 
Rad 52 (mouse) AF004854 63 



u Refers to the nucleotide sequence homology between the 
cloned band isolated from the differentia! display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence tag* — a gene of as yet 
unknown identity and function . 

c Where sequence homologies were equal in both directions, 
boththe sense (S) and antisense (A) identities are given. 

for several reasons: (1) the kinetics of ligation and 
transformation favour the isolation of smaller 
PCR products, thereby producing a misrepresen- 
tation of larger gene products; (2) northern blot 
analysis is notoriously insensitive and is unlikely 
to confirm expression of rare transcripts; (3) there 
is no measurable end point to the screening of 
clones produced in this way other than to analyse 
every transformed colony. We used instead an 
alternative approach; after running out the differ- 
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entiaJ display on a high-resolution agarose gel 
(Fig. 1) and verstaining with SYBR Green I to 
enhance visualisation, the composite bands were 
individually extracted, reamplified and cloned. 
However, it has been well documented that single 
oands from differential displays often contain a 
neterogeneous mixture of different products 
Mathieu-Daude et al., 1996; Smith et al., 1997). 
rhis is because polyacrylamide gels cannot dis- 
:riminate between DNA sequences that differ in 
ize by less than about 0.2% (Sambrook et al., 
989). High-resolution agarose gels such as those 
ised in this work are even less sensitive, normally 
>nly discriminating products that differ in size by 
t least 1.5%. The use of the HA-red screening 
tep enables resolution of identical or nearly iden- 
cal sequences based on their AT content (Wawer 
: al., 1995) and is sensitive down to < 1% differ- 
lce. Furthermore, it is rapid, technically simple 
3d does not require the use of radiolabels 
feisinger et al. (1997) originally demonstrated the 
sefulness of using HA-red to identify different 
roducts cloned from the same band of an RNA 
fferential display experiment by simultaneously 
nning them in normal agarose (to discriminate 
' size) and in normal agarose containing HA-red 
> discriminate by AT content). We have found 
at this approach is equally useful for identifying 
Terent gene species cloned from the same band 
our SSH display. 

Diatchenko et al. (1996) reported that SSH is 
ihly efficient at producing differentially ex- 
sssed gene species. However, we also included a 
-ond screening step to further confirm that the 
•nes isolated from the differential display were 
leed differentially expressed. Duplicate dotblots 

the candidate clones were blotted with the 
play from which they were originally isolated 
3 with the 'reverse subtraction* display To 
ke the reverse-subtracted probe, the subtractive 
)ndisation step of the procedure was carried 

using the original tester cDNA as a driver 
I the original driver cDNA as a tester. In this 
clones that are false positives can be iden- 
d through their presence in both blots. Such 
" Positives most commonly arise through hav- 
a very high abundance in the initial sample or 
sual hybridisation properties (Li et al., 1994) 



Although the SSH method itself has been 
shown to be efficient, and despite the screening 
step that we mcluded, there is an important cavea* 
to bear in mind - namely that it is important 
that all clones be considered only as 'candidates' 
until the actual abundance of their mRNA is 
quamitated in treated and control samples. To- 
wards this end, we examined the expression of a 

RT pcpT,^ ° f Cl ° neS Using ^quantitative 
KT-PCR. Albumin was used as the reference sene 

as we have previously found that the expression 
of this gene does not appear to change with the 
treatment regime that we used (Fie. 4, and data 
not shown). There are a number "of interesting 
points to note from our results. The first is the 
presence of genes that serve as appropriate posi- 
tive controls in the upregulated and downregu- 

^ rvp^f ° r CXample ' in the rat jt can * «*" 
tnat CYP4AI expression increases 14-fold follow- 
ing treatment. Although CYP4AI mRNA expres- 
sion levels following WY-14,643 treatment have 
not been previously reported in this model, the 
figure compares favourably with that recorded by 
Bell et al. (1991), who used RNAse-protection to 
quantitate CYP4A1 in rat liver following treat- 
ment with methylclofenapate, another PP In ad- 
dition we also confirmed that the peroxisomal 
enoyl-CoA:hydratase-3-hydroxyacyl-CoA bifunc- 
tional enzyme is also upregulated 9-fold, in agree- 
ment with the findings of Chen and Crane (1992) 
A number of genes were downregulated follow- 
ing Wy- 14,643 exposure, including CYP2C11 ex- 
pression. Corton et al. (1997) reported similar 
findings and suggested that this may in part ex- 
plain why male rats exposed to Wy-14 643 and 
some other PPs have high serum estradiol levels 
as estradiol is a substrate for CYP2C1 1 We have 
also shown that the expression of contrapsin-like 
protease inhibitor (CLPI) was downregulated by 
Wy- 14,643. This has not previously been reported 
and we suggest that it may be linked to a require- 
ment for increased availability of amino acids to 
accommodate the hepatomegaly induced by treat- 
ment. Although little is known of the function of 
parathymosin-a, (zinc 2 + -binding protein) it has 
been shown to interact with the globular domain 
of histone HI, suggesting a role in histone func- 
tion (Kondili et al., 1996). In contrast to the 
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Albumin 
Transferrin 



Albumin 
Transferrin 




«ntita,ed in tripiicat e to reduce the effects of IrcZ^Zl^lZ^ " "t" (1 ° " g) ' Md MCh sam P ,e was 
■d lane L is a 1 Kb DNA ladder. * neg3t,Ve C ° nlro1 (no mRNA >" *" ane M is a 100 bp ladder 



iwnregulation observed in this work, other stud- 
s have shown that parathymosin-a expression is 
evated in breast cancer (Tsitsilonis et al., 1993, 
•98), with the implication that parathymosin-a 
ay somehow be involved in regulating cell pro- 
sration by more than one mechanism. Transfer- 
l has previously been shown to be 
•unregulated in rat liver by hypolipidemic PPs 
ertz et al., 1996). It is therefore interesting to 
te that we isolated a clone identified as transfer- 
from the upregulated display profile. Since we 
nfirmed by RT-PCR that transferrin is in fact 
wnregulated in the rat (Fig. 4), we conclude 
it transferrin was either a false positive or was 
orrectly identified. It could also be that we 
'e isolated a close relative, splice variant or 
form of transferrin, which demonstrates a dif- 
nt expression profile under these experimental 
ditions. Further investigations are therefore 



required to determine which of these possibilities 
are correct. 

One of our most intriguing observations was 
that one gene, CD81, appeared to be upregulated 
m rat liver but downregulated in euinea pig liver 
following Wy- 14,643 exposure. CD81 is a widely 
expressed cell surface protein that is involved in a 
large number of cellular functions, including ad- 
hesion, activation, proliferation and differentia- 
tion (reviewed by Levy et al., 1998). Since all of 
these functions are altered to some extent in car- 
cinogenesis, it is perhaps an important observa- 
tion that CD81 expression is differentially 
regulated in a resistant and sensitive species ex- 
posed to a non-genotoxic carcinogen. 

Albumin and ribosomal genes appear common 
to all differential displays and are thus undesir- 
able false positives. However, due to their high 
expression in the liver, they are difficult to re- 
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nove. We also noted a number of gene species, 
particularly in the guinea pig, which were com- 
non to both upregulated and downregulated 
profiles. Again, the most likely reason for these 
laving arisen is their high abundance. 

A relatively large number of upregulated and 
lownregulated genes were isolated from guinea 
>ig liver following Wy-14,643 exposure. However, 
ae guinea pig genome has been relatively poorly 
haracterised and so many of the clones were 
ientified as resembling genes or ESTs from other 
aeries. Without full-length sequence data it is 
ifficult to ascertain the accuracy of the assigned 
lentities and this must be borne in mind when 
iilising data such as this, for example, in design- 
g effective primers for RT-PCR studies. AI- 
lough the actual isolated clone sequences can be 
;ed to do this, their relatively small size often 
stricts the ability to design effective primers. In 
Idition, as we observed with transferrin, using a 
lblished full-length sequence may help to iden- 
y false positives. 

ble 6 



By comparing the expression profiles of genes 
showing altered expression in a PP-sensitive spe- 
cies (rat) with a PP-resistant species (guinea pig) 
it was our aim to identify genes that are mecha- 
nistically relevant to the non-genotoxic hepatocar- 
cinogenic action of Wy-14,643. However, few of 
the genes that we have isolated were common to 
both the rat and the guinea pig. This suggests 
either that the molecular mechanisms of response 
in these two species are so different that few genes 
are commonly regulated in response to Wy-14 643 
exposure, or that we have recovered only a small 
proportion of those genes that have altered ex- 
pression. The latter seems the more likely scenario 
since it is perceived that one of the main problems 
of subtractive hybridisation and other differential 
expression technologies is the inability to consis- 
tently isolate rare gene transcripts (Bertioli et al 
1995). This is potentially problematic in that 
weakly expressed genes may play an important 
role m regulating key cellular processes, and that 
the majority of mRNA species are classified as 




uirun 

mcti nal enzyme 
P2C1I 

P4AI 
alase 

31 (TAPA-1) 



trapsin-iikc protease inhibitor 

'thymosins (zinc 2 * binding 

otein) 

isferrin 

'-Glucur nosy] transferase 

nUnkn wn-J 
2-gIycoprotein 



Up 

N/A 

Up 

Down 
Down 
Up 
Down 



No change 
Upregulated* (9x ) 
Downregulated* 
(Abolished) 
N/A Upregulated* (14 x ) 

Up No change 

Down N/O 

N/A Downregulated** 

(0.5 x) 

N/A Downregulated** 
(0.6 x ) 

N/A Downregulated* 

(0.5 x) " 
N/A Downregulated** 

(0.2 x) 

No change (P = 0.06) 
No change 



No change 
N/O 
N/D 

N/D 
N/O 

Upregulated" 

x ) 
N/D 



N/D 

No change 
N/O 



'(1.4 
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'Tare' in abundance (Bcrtioli ct ah, 1995). How- 

• ever, in their original paper describing the SSH 
technique, Gurskaya et al. (1996) demonstrated 
that SSH can enrich rare molecules between 1000- 

* and 5000-fold in a single round of hybridisation. 
Unfortunately, due to high background smearing 
in our initial experiments (which hindered identifi- 
cation of single bands), we were compelled to 
reduce the primary hybridisation time to only 4 h 
— a step that theoretically is likely to reduce the 
number of rare sequences (CLONTECHniques, 
1996). Furthermore, it has been claimed by the 
manufacturers that, whilst this technique can 
identify changes as small as 1.5-fold between the 
driver and tester populations, it is best suited to 
the isolation of genes that show a greater than 
5-fold increase (CLONTECHniques, 1996). In ad- 
dition, where tester and driver contain genes with 
large and small differences in abundance, the SSH 
method will be biased towards identifying those 
genes with the large differences (CLONTECH- 
niques, 1996). Thus, it is most probable that we 
have not isolated all of the more rarely expressed 
transcripts and those demonstrating small changes 
in expression. 

One problem that remains is identifying the 
function of genes isolated in SSH experiments as 
described herein, some of which may be crucial to 
the process of carcinogenesis, and are, to date, 
unidentified. However, we have provided evidence 
herein that SSH can be used to begin the process 
of characterising the extent and importance of 
altered gene expression in response to a chemical 
stimulus. The developments of this approach 
should include characterisation of temporal and 
dose responses, and functional analysis studies 
including knockout mice. In combination, such 
studies should make a significant contribution to 
our understanding of the molecular mechanisms 
of action and physiological relevance of gene reg- 
ulation in non-genotoxic hepatocarcinogenesis. It 
should then be. possible to ascertain whether dif- 
ferentially expressed genes are causally or casually 
related to the chemical-induced toxicity, and 
therefore a substantial mechanistic advance. 

It is clear that there are also broader applica- 
tions for this experimental approach that go be- 
yond understanding the molecular mechanisms of 
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peroxisome-proliferator induced non-genotoxic 
hepatocarcinogenesis in rodents. The potential 
medical and therapeutic benefits of elucidating the 
molecular changes that occur in any given cell in 
progressing from the normal to the carcinogenic 
(or other diseased, abnormal or developmental) 
state are very substantial. Notwithstanding the 
lack of complete functional identification of al- 
tered gene expression, such gene profiling studies 
described herein essentially provides a 'fingerprint* 
of each stage of carcinogenesis, and should help in 
the elucidation of specific and sensitive biomark- 
ers for different types of cancer. Amongst other 
benefits, such fingerprints and biomarkers could 
help uncover differences in histologically identical 
cancers, and provide diagnostic tests for the earli- 
est stages of neoplasia. In addition, the genes 
identified by this approach may be incorporated 
into gene-chip DNA-arrays, thus providing a 
standard genetic fingerprint for a particular toxin 
treatment in a particular species. Interrogation of 
these gene arrays for an unknown compound that 
has a similar pattern to the known reference 
chemical would then provide evidence that the 
unknown may have a toxicity profile similar to 
the 'standard' fingerprint, thereby serving as a 
mechanistically relevant platform for further de- 
tailed investigations. 
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ABSTRACT We have developed high-density DNA mi- 
croarrays of yeast ORFs. These microarrays can monitor 
hybridization to ORFs for applications such as quantitative 
differential gene expression analysis and screening for se- 
quence polymorphisms. Automated scripts retrieved sequence 
inf rmation from public databases to locate predicted ORFs 
and select appropriate primers for amplification. The primers 
were used to amplify yeast ORFs in 96-well plates, and the 
resulting products were arrayed using an automated micro 
arraying device. Arrays containing up to 2,479 yeast ORFs 
were printed on a single slide, The hybridization of fiuores- 
centfy labeled samples to the array were detected and quan- 
titated with a laser confocal scanning microscope. Applica- 
tions of the microarrays are shown for genetic and gene 
express! n analysis at the whole genome leveL 



The genome sequencing projects have generated and will con- 
tinue to generate enormous amounts of sequence data. The 
genomes of Saocharomyces cerevisiat, Haemophilus influenzae (1), 
Mycoplasma genisakum (2), and Meshanococcus jannisdui (3) 
have been completely sequenced. Other mode] organisms have 
had substantia] portions of their genomes sequenced as well 
including the nematode Caenorhabdixis eJegans (4) and the small 
flowering plant Arabidopsis thoJiana (5). Given this ever* 
increasing amount of sequence mfonnation, new strategies are 
necessary to efficiently pursue the next phase of the genome 
projects t h e elucidation of gene expression patterns and gene 
product function on a whole genome scale. 

One important use of genome sequence data is to attempt 
t identify the functions of predicted ORFs within the genome. 
Many of the ORFs identified in the yeast genome sequence 
were n t identified in decades of genetic studies and have no 
significant homology to previously identified sequences in the 
database. In addition, even in cases where ORFs have signif- 
icant homology to sequences in the database, or have known 
sequence motifs (e*g, protein kinase), this is not sufficient to 
actennine the actual biological role of the gene product 
Experimental analysts roust be performed to thoroughly un- 
d rstand the biological function of a given ORFs product. 
Model organisms, such as £ cerevisiat, wiD be extremely 
important in improving our understanding of other more 
complex and less manipulate organisms. 

T examine in detail the nircttonal role ofmdivtdual ORFs and 
relationships between genes at the expression level, this work 
aescribes rite use of genome sequence information to study large 
numbers of genes efficiently and systematically. The procedure 
was as foUows. (i) Software scripts scanned annotated sequence 
mfonnation from public databases for predicted ORFs. (a) The 
start and stop position of each identified ORF was extracted 
automatically, along with the sequence data f the ORF and 200 
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bases flanking either side, (iu) These data were used to automat- 
ically select PGR primers that would amplify the ORF. (rV) The 
rjrimer sequences were automatically input into the automated 
multiplex oligonucleotide synthesizer (6). (v) The oligonucleo- 
tides were synthesized in 96-weU format, and (vi) used in 96-weU 
format to amplify the desired ORFs from a gewnnic DNA 
template, (vir) The products were arrayed using a higrwiensity 
DNA arrayer (7-1 0). The gene arrays can be used for bybridiza- 
tionwith a variety of labeled products such as cDNA for gene 
expression analysis or genomic DNA fc>r strain comparisons, and 
genomic mismatch scanning purified DNA for genotyping (11). 

METHODS 

Script Design. All scripts were written in 1 TNTV Ton! rrnnmanH 
Lang uage. Annotated sequence iziformation from GenBank was 
extracted into one file containing the complete nucleotide se- 
quence of a single chromosome. A second fue contained the 
assigned ORF name followed by the start and stop positions of that 
ORF. The actual sequence contained within the specified range, 
along with 200 bases of sequence flanking both sides, was extracted 
and input into the primer selection program primer oj (White- 
head Institute, Boston). Primers were designed so as to allow 
amplification of entire ORFs. The selected primer sequences were 
read by the 96-weU automated multiplex oligonucleotide synthe- 
sizer instrument for primer synthesis. The forward and reverse 
primers were synthesized in two separate 96-weU plates in corre- 
sponding wells. All primers were synthesized on a 20-nmol scale. 

ORF Amplification and Purincation. Geriomic DNA was iso- 
lated as described (12) and used as template for the amplification 
reactions. Each PCR was done in a total volume of 100 jd. A total 
of 0.2 uM each of forward and reverse primers were aliquoted into 
a 96-weU PCR plate (Robbins Scientific Sunnyvale, CA); a master 
mix containing 0.24 mM each dNTP, 10 roM Tris (pH 6\5), 50 tnM 
MgCk 25 units Taq polymerase, and 10 ng of template was id dr ri 
to the primers, and the entire mix was thermal cycled for 30 cycles 
as foUows: 15 min at 94°C 15 min at 54*C, and 30 rain at 72TC 
Products were ethanol precipitated in polystyrene v-bottom 96- 
well plates (Costar). AU samples were dried and stored at -20*C 
Arraying Procedure and Processing. Microarrays were 
made as described (8). 

A custom built arraying robot was used to print batches of 48 
slides. The robot utUizes four printing tips which simultaneously 
pick up -1 iA of solution from 96-weU microtiter plates. After 
printing, the microarrays were rehydrated for 30 sec in a humid 
chamber and then snap dried for 2 sec on a hot plate (100*Q. The 
DNA was then UV crosslinked to the surface by subjecting the 
slides to 60 miUijoules of energy. The rest of the pory-L-rysme 
surface was blocked by a 15-min incubation in a solution of 70 mM 
succinic anhydride dissolved in a solution consisting of 315 ml of 
l-methyl-2-pyrrolidinone (Aldrich) and 35 ml f 1 M boric acid 
(pH 8.0). Directly after the blocking reaction, the bound DNA 
was denatured by a 2-min incubation in distflled water at — 95*C 
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F, 0- l; TWcxoior f Juorcsccnt scan of a yeast microarrav enntnin 

elements b 345 pm. A probe mixture consisting 0 f eDNA from ««« 
^/^"(Yf^^ctose (green pJSZS) £4 

rSn^rSSr " t0 8 ^ ° f 100% ctha ~' « 

Probe Preparation: cDNA. Yeast cultures flOO mn «««« 
to M OD^ and toul RNA was isola,^ d^te 3 TC 
to 500 « total RNA was used to isolate rnlWA roS*? 

« ^"RNA by beating the reaction to 70*C for 10 minand 
quick chflbng onice.plusSMl Superscript D (200 miSfi 
Ttebnolog.es, Gaithersburg, MD), 0.6 £ 50x dNTP £ 'fi2 

2?7!? , JL' J 5x rcaaion buffer, and 60 uM Cv3-dUTP «r 
C*S-dUTP (Amersham). Reactions were carried om«42?fo 
2 h, after which the mRNA was degraded bribe addnte^n £ 

^ J? *» dilmed » 500 Ml with TE and 
concentrated using a Microcon-30 (Amicon) to 10 ul 

Probe Preparation: Genomic DNA> FluoresceniDNA was 

prepared from total genomic DNA as follows: 1 „ of rand^ 

nonamer oligonucleotides was added ,0 15 Mgtf £SS 

to A^TJ^T b ° i,Cd ' 0r2min » d *«> chilled™ 
'"•A reaction mixture containing dNTPs (25 uM hatp 

fCTP-dCTP. 10 mM dTTP. and 40 ^Cy^U^ 

Cy5-dUTP) reaction buffer (New EnglandBiolafc) and 20 

units ex nuclease free Klenow enzyme (United State? Bin. 

chemical) was added, and the JSSllSSStSi « 

for 2 h. The sample was then diluted to 500 ul with TE and 

C0 ^ D !? ted using a Microcon-30 (Amicon) £ To ul 

Purified, labeled probe winded in 11 

SJ^-S? te ** hcated 2 mm in boiling w«e7 
cooled rapidly to room temperature, and applied t themmT 

SSS^ WaSCamed .° U ' f0r JObma 62X water batTa/ier 

A^etS ™f ^"Z^^ 8 **" 2 * ssc/oj%sk 
A second wash was performed in 0.1 x SSC 

Anarysta and Quantitation. Arrays were scanned on * 
fluorescence microscope deve£?5 Steve 
Smith w„h software wrinen by Noam Ziv (SiZdVnSZ 
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DhoL^K 6 ^^^toeacboftherwo fluoio. 
phores used. The images were then combined for 
bounding box, fined t thesireof theWA^wSiSLS 

calculated by summing the intensities of each pixel wBsattS 

aboundmgboxandthendividmgtyA^ 

Local area background was calculated for each array eleme^ 

the boundmg box. To normalize for fl uorop hore^p«ific55r? 
auon control spots containing yeast genomfc ffi ^ 

detSeT , ^ qUant,te,ed Md -2 

regarded as s.gnificant if i, was at leas: two 2KdStS 

ca?e VC w% U n d - ^ ^ «5EdS djS 

~LTS, , ° r0ph0rCS re P««nth.g each channel r£ 
versed. The ratios presented here are the average of the tJm 

eTemenTr "F" in ™ "hich thJ^nal forto 

element m question was below the reliabOitv thShnH Th. 

«o a erime V n?f ,0 lf d " c ™c°*^^^ 
experiment. For all of the experiments presented. theavera« 

£TLZT T- 1 * 10 °- to the cL «C£ 22C 
cence from a very bright spot saturates the detector drffert 

£ gCTera1 ' * ""^restimatedS ^ 
compensated for by scanning at a lower overall sensitiWry 

RESULTS 

^ Sl!f 0n ° f sw ' uence formation from model organ- 
tsro presents an enormous opportunity and chaJiense to under! 

genes. To do this accurately and efficiently a directed «™t~3 
was developed that enables the moniSng of Sjle^S 
SSfSS*' M i CroaiTa ^ Oology piSTJ2SK 
fa£,^i ea " be . a,tached 10 • Slass surface in a higlSercS 

of -6 100 ? G,Ve " that At «e»ome consists 

With this capability and the availability of the entire » 

approach for generating the complete genome arravTO. 
procedure involved synthesizing I pairrf SfeSeoSe 
pnmcrs ,0 amplify each ORE. The PGR p^2fS£25 
each gene of .merest was arrayed onto glass and^S fof 
example, as probe for monitoring gene expression S Z 

iSi^"^™ ^T* " nder ^ «Perimental condhion 
Primer Selection and Synthesis. The primer seleaion was fuUv 

SwS3 1°°' C ° nUnand ^e scnpSTtS 
(Whitehead). Pnmer pairs were automatically selected 

be selected rapidly with minimal manual procesine. A cormZ* 

" chromosomes 1. II, in, V, VI, VIII, IX. Xj and M 
Primers for a representative set of ORFs (15% c^raeel w« 
rCmainin8 Chromosomes - With Vhe^elL^S 

. .S^^ 6 ORF ^ uires 8 of synthetic primers, 

a total of approximatery 12,200 ligonucteotides will be 

L"! d Z dUaUy K T plify Mch ^gerThis costly cSnp^eTwS 
addressed w.th the aut mated multiplex lisonudeXe ™£T 

Each pnmer, synthesized on a 20-nmo) scale, orovids «3£ 
^^-"P'ificauon reacuons.Xe^'SeT^CR 
produa provides en ugh material to generate on etaT«nton 



Genetics? Lashkari a cL 

Table 1. Heat s hock vs. conirol expression data 
Ratio of 



gene 



Control 



2J 



ID 
1.1 
1.9 

Zfi 
3J 
3-3 
3.9 



3.6 

2j6 

Z6 

2.7 

ZS 

2* 

2JB 

2.8 

3.1 

33 



Heat 

22 
ZO 



36\0 
27.4 
6.7 
3.4 
U 
Z3 
2.1 
1.7 
1.4 
1.4 



13 



2.4 
2.1 

23 



5* 



ORF 

YLR142 
YOL140 
YCL148 
YFL014 
YBR072 
YBRQ54 
YCR021 
YER103 
YLR259 
YBR169 
YBL075 
YPL240 
YDR258 
YNL007 
YELQ30 
YHR064 
YBL008 
YBL002 
YBL0Q3 
YBR010 
YBR009 
YDR343 
YHR092 
YAR071 
YLR096 
YER102 
YBR181 
YCR031 
YLR441 
YHR141 
YBL072 
YHL015 
YBR191 
YLR340 
YGL123 
YLR194 



Gene 

PUTl 
ARG8 
ARQ2 
HSP12 
HSF26 
YR02 
HSP30 
SSA4 
HSP60 
SS£2 
SSA3 
HSP82 
HSP78 
SIS1 



HIR1 
HTB2 
HTA2 
HHT1 
HHF1 
HXT6 
HXT4 
PHOll 
KIN2 
RPS8B 
RPS101 
CRY1 
RP10A 
RPL41B 
RPSfiA 
URP2 
URP1 
RPLAO 
SUP44 
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Description 

Proline "xtdatc 
Acetyiornithine aminotransferase 
Chorismate synthase 
Heat shock protein 
Heat shock protein 

Similarity to HSP30 heat shock protein Yroip 
Heat shock protein 
Heat shock protein 

Mitochondrial heat shock protein HSP60 
Heat shock protein of the HSP70 family 
Cytoplasmic heat shock protein 
Heat shock protein 

70-kDa heat shock protein 

Heat shock protein 

Histone transcription regulator 

Histone H2BJ 

Histone H2AJ 

Histone H3 

Histone H4 

High-affinity hexose transporter 

Moderate- to low-affinity gJucosc transporter 

Secreted acid phosphatase, 56 kDa isozyme 

Ser/Thr protein kinase 

RibosomaJ protein S8.c 

Ribosomal protein S6.e 

40S ribosomal protein Sl4x 

Ribosomal protein S3^e 

Ribosomal protein L36ax 
Ribosomal protein S8.e 
Ribosomal protein 
Ribosomal protein L21x 
Acidic Ribosomal protein L10.e 
Ribosomal protein 
Hypothetical protein 



500-1,000 arrays. Tims, a single primer pair provides enough 
starting material for up to -5^000 arrays. & 
.J^VS" Rested to amplify yeast ORFs. Primer 
synthesis bad a failure rate of <1% in over 18 plates of 
synthesis as determined by standard trity! analysis (6) The 
wTSETlL ^f 8 ^ ^g^eSe pa£ 

P^^ agarOSC gtl anaiysis of "cb PCR. The 
purified PCR products were used to generate arrays. Two 

^^^l^r re for ^rimental results 

the second array batch contained 2,479 elements. 

GemineArj^ The amplified ORFs were arrayed onto class 
at a spacing of 345 microns (Fig. 1). The higr>o^ZdrSTf 
^sampte allows the hybridization £tttt& 
nuzeo-A>ohirnes are a maximum of 10 ul The labels 

jig of mRNA suffcwn for analyst Tnis also obviates thenced 

jrttenng the relate ratK* of different cDNA sped* in the 

J^^"^^"^ ^"P"^" 'Unrelated Strains. 
M.croarrays allow effi^ comparison of the genomes f d£ 

SSLS"' DNA from Y55 ' «» * S£ straS, 

nwA 1 LTV^ f"* h y bndaed sunuhaneousJy whh the S288c 
^ labeled whh C^dUTP. When a comparison DetweeTtf* 
hybndaatwn of the DNA from the rwoS^d* e^eral 



thf™ ni *™]y ,ittle or "° signaJ above background from 
*c,iHs d S nnel ( data «ot shown). These indudTsGEI 

tNA2), and YCR105. These results imorv thai the n^nW 

£5 5ffiT gCnM ^U or a^tSS 

deleted from the strain. Subsequent attempts to generate PO* 

fiSlSuE - SGE, V ENA2 « ASP3A usmg Y55D^AfaS 
The result supports the conclusion that these genes are lflcdyto 

least two of the regions absent in the Y55 genome have been 

( 6) ' I" ^ nmaar > *e Asp-3 region appears to be 
highh/ prone to being deleted (15, 16): 

These results ^indicate that gene arrays can be used toeffkiently 
screen different strains of an organism for large deletion poh- 

based on deferential hybridization to paniculaTdem^trhb 
re^ble to suppose that an eou^eTnumber oTgei ^ 

S2ataS?£ and abSCTt » S288c gtmclnT-lS 

rauh should be v,ewed as a minimum estimate of the deletion 
polym rphisms that exist between these two unrelated su*m£ 
STJ dC, ' 0nS K • SmaU intra « eDic dcictim * woul^noT^ 
rS,^ bCC,USe C °i nsidcrable hybridizing material would 
remam. Sequence polymorphisms, such as deleti ns, are present 
m populati ib of every species and must at somt leveJaflect 

Suc^LS- fme ^^<rfthegenon^ra^ul£to 
S3l.? OTin ? S r ,UCTCC PohTnorphisms that exist in the 
natural gene pool relative to the reference genome sequence/ 
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Heat Shock 

cdt"1B Amino arid 

mnlii uuboliio IVnarjw Amino arid unlhrsis 
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MilofhondrUI maxdmanfT frrrtiholfwn pwr csrtxm Pimne tynlhrfci. 
. ... Protprn 



ftthf rfgryhjtprTTT-t^nlisj 



KMA polyiutt jsp 



SrtTrtory Onmrt TramaVrtkn f «ttm 



Kfrsanul protein 



AJa*ol 



CUqufein Ubigudai Ufciquitin VraAir V™**, 

n-v^A* pru^ cfcer ATfW pr*™ Hra Ami pnrtrfns 



Gen e Expre ssion Analysis. The arrays were used to examine 
gene expression in yeast grown under a variety of different 
conditions. Expression analysis is an idea] application of these 
arrays because a single hybridization provides quantitative expres- 

Tabie 2. Cold shock vs. control expression data 

Ratio of ™ ' 

gene expression 



Fig. 2. ORF categories displaying dif- 
ferential expression between heat shocked 
and untreated cultures. Ban within cate- 
gories correspond to individual ORFs. 
Green shaded bars correspond to relative 
increases in ORF expression under 25*C 
growth conditions. Red shaded bars cor- 
respond to relative increases in ORF ex- 
pression under 39*C growth conditions. 

SlSr 1 J 0 " ""f" 1 * ° fgcnci To understand results for 
genes of known funcoon, ORFs were placed in biologically reje- 
ct categories on the basis of function (e*. amino add^tabolic 
genes) and/or pathways (e.g. the histidine biosynthesis pathway) 
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ORF 

YOR153 
YCR012 
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YHR064 
YJUB4 
YDR258 
YLL039 
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YER103 
YBR126 



Gene 

FDR5 
PGKl 
GUU 

KAR2 
HSP78 
UBI4 
HSPI04 
SSA4 
TPS1 





YPL240 


HSP82 




YBRQ54 


YR02 




YBR072 


HSP26 




YCR021 


HSP30 




YDR343 


HXT6 




YHR096 


HXT5 




YFR053 


HXK1 




YHR092 


HXT4 


23 


YHR094 


hxti 


YHR089 


GAR1 


1.7 


YLR048 


NAB IB 


1.7 


YLR44] 


RP10A 


1.7 


YLL045 


RPUB 


1.6 


YLR029 


RPU3A 


1.6 


YGL123 


SUP44 


3.1 


YBR067 


TIPl 


22 


YER011 


TIR1 


10 


YCRQ58 


42 


YKL102 





Description 

Plciotropic drug resistance protein 
Phosphoglycerate kinase 
Aldohexose specific glucokinase 
Heat shock protein 
Nuclear fusion protein 

SSn nd ^r Sh0Ck ^ ° f C ' Pb fami ' y ° f ATP ^-< P«— i 
Heat shock protein 
Heat shock protein 

o f o-Trchalosc-phosphaie synthase (UDP-forminc) 
Heat shock protein 

Similarity to HSP30 heat shock protein YroJp 

Heat shock protein 

Heat shock protein 

High-affinity hexose transporter 

Putative hexose transporter 

Hexokinase I 

Moderate- to low-affinity glucose transporter 
Low-affinity hexose (glucose) transporter 
Nucleolar rRNA processing protein 
40S ribosomal protein p40 homoiog b 
Ribosomal protein S3a.c 
Ribosomal protein L7a.e.B 
Ribosomal protein L15.e 
Ribosomal protein 

SiHl!l nd , he !!' Sh ? k " indUCCd Pr ° ICin 0f thc Sr Pim P \p family 
Cold-ahock-roduced protein of the Tir Ip, Tipl p family 
Hypothetical protein 
Hypothetical protein 
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Galactose 
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ATR1 


10 
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17 
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ADH5 
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AAC2 
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17 


YDR298 


ATP5 




15 
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ATP3 
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CYB2 




14 
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CYB2 




13 
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YDL067 


COX9 
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COX12 




16 
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YLR395 


COX8 
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YFRQ33 


QCR6 
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YLR081 


GAL? 




21.9 


YBR018 


GAL7 




21.8 


YBR020 


GAL1 
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YBR019 


GAL10 
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YLR081 


GAL2 




8.6 


YDR009 


GAL3 
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GALSOm 
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14 




YBR248 
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YCL030 
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5.8 




YKR080 


MTD1 
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YDR019 


GCV1 


6.1 




YLR058 


SHM2 




8.1 


YML123 


PH084 
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YDR408 


ADE8 


3.6 




YDR408 


ADE8 
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YAR015 


ADE1 
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YMR300 


ADE4 
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YOR128 


AD£2 


6.0 




YGL234 


ADE5.7 
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YBL015 


ACH1 



Proc.NaxLAettd.ScL USA 94 (1997) 13061 



Des cription 

Afgmoioccnaie lyase 
Glutamate -ammonia ligase 

Aminotriazole and 4-nitroquinoline resistance protein 

Alcohol dehydrogenase n 

Alcohol dehydrogenase V 

ADP, ATP carrier protein 2 

ADP, ATP carrier protein 

H* -transporting ATP synthase 6 chain precursor 

H^*transporting ATP synthase 7 chain precursor 

Lactate dehydrogenase cytochrome b2 

Lacute dehydrogenase cytochrome b2 

Cytocnrome-65 reductase 

Ubiqumol-cytochrome c reductase 44K core protein 
Cytochrome c oxidase chain VIIA 
Cytochrome c oxidase, subunit VIB 
Cytochrome c oxidase subunit VI 
Cytochrome c oxidase chain VIII 
Ubiquirol-cytochrome c reductase 17K protein 
Galactose (and glucose) permease 

UDP-glttcose-hexose-l^hosphau uridyryltransferase 

Galactokinase 

UDP-glucose 4^phnerase 

Galactose (and glucose) permease 

Galactokinase 

Negative regulator for expression of galactose-induced genes 
Negative regulator for expression of galactose-induccd genes 
ATP pbosphoribosyltransferase 
Glutamine amidotransferase/cydase 

Fb £CSS£ M? ^^/P^oribosyJ-ATP P yrophosph a ««e/his,idii,ol 

Methyienetetrahydrofolate dehydrogenase (NAD+) 
Glycine decarboxylase T subunit 
Serine hydroxymethyttransferase 
High-affinity inorganic pbosphate/H* symporter 
Phosphoribosylglycinamide formyltransferase (GART) 
Wiosphonl)osylgrycinamide formyltransferase (GART) 
PhosphonT>c^Umidoirnidazole-$uccinocarboxamidc synthase 
AmidophosphoribosyJtransferase 
Phosphoribosylaminoimidazole carboxylase 

^rS^mia^ 8,yCmC ^ P^^^^Wycinamidinc cydc-ligase 



Heat Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 25*C was split in half. One half of the 
culture remained at 25*C whereas the other half of the culture 
was shifted to 39X1 mRNA was isolated from both cultures 1 h 
after heat shock for comparison on microarrays and, although 
this time point is not optimal for measuring induction of heat 
shock mRNAs (17), many known heat shock genes exhibited 
considerable induction at this time point (Table 1; Fig. 2). 
Down-regulation of genes in the ribosomal protein and histone 
gene categories was also observed. Differential expression 
between the heat-shocked culture and the control was also 
bseryedf r many other genes. Genes in many categories, such 
as amino acid cauboiism and amino acid synthesis, exhibited 
a mixed response with some genes showing little or no 
differential expression and ther genes showing a significant 
increase or decrease in gene expression in response t heat 
shock (Table 1; Fig. 2). 

Cold Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 37*C was split in half. One half of the 
culture remained at 3TC while the other half of the culture was 
shifted t 18*C mRNA was isolated from both cultures 1 h 
after cold shock for comparison on microarrays. As expected, 



two known cold shock genes (TIP1, TIR1) were expressed at 
a significantly higher level in the cold-shocked culture. Genes 
m other functional categories, such as glucose metabolism and 
heat shock displayed a mixed response with expression of some 
genes being unaffected and other genes exhibiting significant 
up- or down-regulation in response to cold shock (Table 2) 

Steady-State Galactose vs. Glucose Results. mRNA was 
isolated from steady-state log phase YEP galactose and YEP 
glucose grown cultures for comparison on the microarrays. As 
expected the GAL genes were expressed at a much higher 
level in the galactose culture. Many genes were differentially 
expressed in these cultures that were not a priori expected to 
exhibit differential expressi n. For example, some genes in the 
ammo acid catab lie category were up-regulated in the galac- 
tose culture whereas genes in the ne-carbon metabolism and 
purine categories were largely r entirely down-regulated in 
the galactose culture (Table 3). Genes in ther categ ries, such 
as amino acid synthesis, abc transporter, cytochrome c, and 
cytochrome 6, exhibited mixed responses; some genes in a 
categ ry showed little or no obvious differential expression 
whereas other genes in the same category showed significant 
differential expression in the galactose and glucose cultures. 
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DISCUSSION 
The results of these experiments show that many genes are 
, differentially expressed under the three environmental condi- 

^S^^J^S^ 6 ^ P^^ed changes in gene 
expresson, such as HSP12 m the beat-shocked cutare. UPlfc 
thecold^ck^cnJture, and GAL2 m thTaeadyWga^ 
aUtt^wereobserved in every case. However, in additioMotbe 
ejected changes m gene expression, significant differential 
expression was also observed for many other genes that would 
not, a prion, be expected to be differentiaOy expressed. For 
example, expression of PHOll decreased and exnresL «r 

^e»« of and APE3 decreased and expression of 
i2r "^i*** 1 increased m the cold-shockedcuhure. In 
addition, ADE4 and SER2 were expressed at reduoTL* 
where* PH084 and ACH1 were expTeS £ JSXR 
ceUs grown m galactose compared with cells grown in glucose. 
Dtfenmnalexrjressira of these ar^ma^ 
to one of these three environmental conditions. 

Many other genes were found to be differentially expressed 
under more than one condition. When differentially expressed 
genes m cold- and beat-shocked cultures were compared. 30 
genes were fou nd in common. Of these 30 genes, 28 showed 
mverseo^«s»oii (L<u, increased expression under one condition 

S!Ste 0 L U ?, ,he o^condirion). Two genS 
YCKQ58 and YKL102, showed elevated expression m responsett 
J^Wand beat shock, fifteen gemVwere tourf uT£ 
d^ercr^ expressed m both the heat-shocked and steady-^ 
gatocmse ^cultures 9 genes showed increased expressio7and5 
showed decreased expression under both conditions. Twenty 
genes were differentially expressed in both the cold-shocked and 
steady-state galactose cultures: 8 genes showed decrease^expS 
swnand 15 genes showed increased expression under bouW 
ditons. Sa genes showed increased expression in the Rahctose 
expression in the cold shockedoJture. 
One gene (ODP1) showed increased expression in both the 
cold-shocked an d steady-state galactose cultures/ 
m f", e "P"= ssion * affected m « global fashion when environ- 
mental conditions are changed and both expected and ^ 
^cnes ^affectcd. There is also c^ria^S* Ses ^ 

^ST 1 ^. CXpr ^ ed mc ™ environmental 

conditions. These results can be rationalized by considering the 

?T l^'^^^eross-iathway regulation between (0 carbon 
^nitrogen n*t_abolism (18) («) phosphate and sulfate mS 

STffijfT^ pUnnCl phos P hatc > and «nino acid metabo- 
hsm (20-24). There are also examples of the interaction of 
general and specific transcription factors (25, 26). Finally, withS 
the broad dass of amino add biosynthetic genes, there is evidence 
f r amino acid specific regulation of some ge^regE 
graereJconttoI for other genes, and regulation^ boSsS 
and general control for other genes (22, 27-30) S H CCU1C 
Cross-pathway regulation arises from the complex structure 
of promoters. Virtually aD promoters contain siZ ?S 
transcription faaors and, therefore, virtually^ .^es ire 
subject to combinatorial regulation. For example, th e H S 
promoter contains binding sites for GCN4 (AeTeneral a Z 
aad control transcription factor), PH02/BAS2 g to S 

genes), and BASl (a transcnpuonaJ regulator of purine bio. 
synthetic genes) (31). It is likely that the compKScV^ 

qU ™« £*• cornbmatorial regulation of g ne express. rT 

5E2rf2?^ ■ exammm « ««* expression. The gl bal 
effects c/ environmental change on gene expression can now be 
d^vn^alped. It is dear that derermining the meAalSS 
and the functional role of tr* dramatic global effec^^eni 
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Exploring the Metabolic and Genetic Control of 
Gene Expression on a Genomic Scale 

Joseph L DeRisi, Vishwanath R. Iyer, Patrick O. Brown* 

DMA microarrays containing virtually every gene of Saccharomyces cerevisiae were used 
to carry out a comprehensive investigation of the temporal program of gene exoresston 
accompanying the metabolic shift from fermentation to respiration. The expreS™ 
profiles bserved for genes with known metabolic functions pointed to features of the 
rrotabolicreprogramming that occur during the diauxic shift, and the expression patterns 
of many previous* uncharacterired genes provided dues to their possible functions The 

^iS^^^ W * ♦* alS ? t0 identify 9 enes whose «pression was affected 
by deletion of the transcriptional co-repressor TUP1 or overexpression of the transna- 
tional arfivator YAP1 These results demonstrate the feasibly 
proach to genomewide exploration of gene expression patterns. 



Xhc complete sequences of nearly a dozen 
microbial genomes are known, and in the 
next several years we expect to know the 
complete genome sequences of several 
metazoans, including the human genome. 
Defining the role of each gene in these 
genomes will be a formidable task, and un- 
derstanding how the genome functions as a 
whole in the complex natural history of a 
living organism presents an even greater 
challenge. 

Knowing when and where a gene is 
expressed often provides a strong clue as to 
its biological role. Conversely, the pattern 
of genes expressed in a cell can provide 
detailed information about its state. Al- 
though regulation of protein abundance in 
a cell is by no means accomplished solely 
by regulati n of mRNA, virtually all dif- 
ferences in cell type or state are correlated 
with changes in the mRNA levels of many 
genes. This is fortuitous because the only 
specific reagent required to measure the 
abundance of the mRNA for a specific 
gene is a cDNA sequence. DNA microar- 
rays, consisting of thousands of individual 
gene sequences printed in a high-density 
array n a glass microscope slide (], 2), 
provide a practical and economical tool 
for studying gene expression on a very 
large scale (3-6). 

Saccharomyces cerevisiae is an especially 
Department of Bkxfrerrctty, Stanford University ScftooJ 
CA 94305-5428, USA. 

P ^ ownO cr Ti g rTijt an tacLadu 



favorable organism in which to conduct a 
systematic investigation of gene expression. 
The genes are easy to recognize in the ge- 
nome sequence, cis regulatory elements are 
generally compact and close to the tran- 
scription units, much is already known 
about its genetic regulatory mechanisms, 
and a powerful set of tools is available for its 
analysis, 

A recurring cycle in the natural history 
of yeast involves a shift from anaerobic 
(fermentation) to aerobic (respiration) me- 
tabolism. Inoculation of yeast into a medi- 
um rich in sugar is followed by rapid growth 
fueled by fermentation, with the production 
of ethanol. When the fermentable sugar is 
exhausted, the yeast cells turn to ethanol as 
a carbon source for aerobic growth. This 
switch from anaerobic growth to aerobic 
respiration upon depletion of glucose, re- 
ferred to as the diauxic shift, is correlated 
with widespread changes in the expression 
of genes involved in fundamental cellular 
processes such as carbon metabolism, pro- 
tein synthesis, and carbohydrate storage 
(7). We used DNA microarrays to charac- 
terize the changes in gene expression that 
take place during this process for nearly the 
entire genome, and to investigate the ge- 
netic circuitry that regulates and executes 
this program. 

Yeast open reading frames (ORFs) were 
amplified by the polymerase chain reaction 
(FCR), with a commercially available set of 
primer pairs (8). DNA microarrays, con- 
taining approximately 6400 distinct DNA 
sequences, were printed onto glass slides by 
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using a simple robotic printing device (9). 
Cells from an exponentially growing culture 
of yeast were inoculated into fresh medium 
and grown at 30°C for 21 hours. After an 
initial 9 hours of growth, samples were har- 
vested at seven successive 2-hour intervals, 
and mRNA was isolated (JO). Fluorescently 
labeled cDN A was prepared by reverse tran- 
scription in the presence of Cy3(green)- 
ot Cy5(red)-labeied deoxvuridine triphos- 
phate (dUTP) (/]) and then hybridized to 
the microarrays (22). To maximize the re- 
liability with which changes in expression 
levels could be discerned, we labeled cDNA 
prepared from cells at each successive rime 
point with Cy5, then mixed it with a Cy3- 
labeled "reference" cDNA sample prepared 
from cells harvested at the first interval 
after inoculation. In this experimental de- 
sign, the relative fluorescence intensity 
measured for the Cy3 and Cy5 fluors at 
each array element provides a reliable mea- 
sure of the relative abundance of the corre- 
sponding mRNA in the two cell popula- 
tions (Fig. 1). Data from the series of seven 
samples (Fig. 2), consisting of more than 
43,000 expression-ratio measurements, 
were organized into a database to facilitate 
efficient exploration and analysis of the 
results. This database is publicly available 
on the Internet (13). 

During exponential growth in glucose- 
rich medium, the global pattern of gene 
expression was remarkably stable. Indeed, 
when gene expression patterns between the 
first two cell samples (harvested at a 2-hour 
interval) were compared, mRNA levels dif- 
fered by a factor of 2 or more for only 19 
genes (0J%), and the largest of these dif- 
ferences was only 2.7-fold ( J4). However, as 
glucose was progressively depleted from die 
growth media during the course of the ex- 
periment, a marked change was seen in the 
global pattern of gene expression. mRNA 
levels for approximately 710 genes were 
induced by a factor of at least 2, and the 
mRNA levels for approximately 1030 genes 
declined by a factor of at least 2. Messenger 
RNA levels for 183 genes increased by a 
factor of at least 4, and mRNA levels tor 
203 genes diminished by a factor of at least 
4. About half of these differentially ex- 
pressed genes have no currently recognized 
function and are not yet named. Indeed, 
more than 400 of the differentially ex- 
pressed genes have no apparent homology 



to any gene whose function is known (15). 
The responses of these previously unchar- 
acterixed genes to the diauxic shift therefore 
provides the first small clue to their passible 
roles. 

The global view of changes in expres- 
sion of genes with known functions pro- 
vides a vivid picture of the way in which 
the cell adapts to a changing environ- 
ment. Figure 3 shows a portion of the yeast 
metabolic pathways involved in carbon 
and energy metabolism. Mapping the 
changes we observed in the mRNAs en- 
coding each enzyme onto this framework 
all wed us to infer the redirection in the 
flow of metabolites through this system. 
We bserved large inductions of the genes 
coding for the enzymes aldehyde dehydro- 
genase (ALD2) and acetyl-coenzyme 
A(CoA) synthase (ACS/), which func- 
tion together to convert the products of 
ale hoi dehydrogenase into acetyl-CoA, 
which in turn is used to fuel the tricarbox- 
ylic acid (TCA) cycle and the glyoxylate 
cycle. The concomitant shutdown of tran- 
scription of the genes encoding pyruvate 
decarboxylase and induction of pyruvate 
carboxylase rechannels pyruvate away 
from acetaldehyde, and instead to oxalac- 
etate, where it can serve to supply the 
TCA cycle and gluconeogenesis. Induc- 
tion of the pivotal genes PCK1, encoding 
phosphoenolpyruvate carboxykinase, and 
FBP1, encoding fructose 1,6-biphos- 
phatase, switches the directions of two key 
irreversible steps in glycolysis, reversing 
the flow of metabolites along the revers- 
ible steps of the glycolytic pathway toward 
the essential biosynthetic precursor, glu- 
cose-6-phosphate. Induction of the genes 
coding for the trehalose synthase and gly- 
cogen synthase complexes promotes chan- 
neling of glucose-6-phosphate into these 
carbohydrate storage pathways. 

Just as the changes in expression of 
genes encoding pivotal enzymes can pro- 
vide insight into metabolic reprogram- 
ming, the behavior of large groups of func- 
tionally related genes can provide a broad 
view f the systematic way in which the 
yeast cell adapts to a changing environ- 
ment (Fig. 4). Several classes of genes, 
such as cytochrome c-related genes and 
those inv Ived in the TCA/glyoxylate cy- 
cle and carbohydrate storage, were coordi- 
nately induced by glucose exhaustion. In 
c ntrast, genes devoted to protein synthe- 
sis, including ribosomal proteins, tRNA 
synthetases, and translation, elongati n, 
and initiati n factors, exhibited a coordi- 
nated decrease in expression. More than 
95% of ribosomal genes showed at least 
tw f Id decreases in expression during the 
diauxic shift (Fig. 4) (J3). A notew rthy 
and illuminating exception was that the 



genes encoding mitochondrial ribosomal 
genes were generally induced rather than 
repressed after glucose limitation, high- 
lighting the requirement for mitchondrial 
biogenesis (13). As more is learned about 
the functions of every gene in the yeast 
genome, the ability to gain insight into a 
cell s response to a changing environment 
through its global gene expression patterns 
will become increasingly powerful. 

Several distinct temporal patterns of ex- 
pression could be recognized, and sets of 
genes could be grouped on the basis of the 
similarities in their expression patterns. The 
characterized members of each of these 
groups also shared important similarities in 
their functions. Moreover, in most cases, 
common regulatory mechanisms could be 
inferred for sets of genes with similar expres- 
sion profiles. For example, seven genes 
showed a late induction profile, with mRNA 
levels increasing by more than ninefold at 



last nrnepoint but less than trwxfoM at 
the preceding tiraepoint (Fig. 5BX All of 
™» genes were known to be gt««rw re 
Pwsed, and five of the seven were peviousty 
noted to share a common upstream activat- 
ing sequence (UAS), the carbon source re- 
sponse element (CSRE) (16-20). A search 
in the promoter regions of the rernairung two 
genes, ACRl and IDP2, revealed that 
ACRI, a gene essential for ACS! actmty, 
also possessed a consensus CSRE motif, but 
mterestingly t TDP2 did not. A search of the 
entire yeast genome sequence for the con- 
scnsu f CSRE motif revealed only four addi- 
tional candidate genes, none of which 
showed a similar induction. 

Examples from additional groups of 
genes that shared expression profiles are 
illustrated in Fig. 5, C through F. The 
sequences upstream of the named genes in 
rig- 5C all contain stress response ele- 
ments (STRE), and with the exception 
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of HSP42, have previ usly been shown to 
be controlled at least in part by these 
elements (21-24). Inspection of the se- 
quences upstream of HSP42 and the two 
uncharacterized genes shown in Fig. 5C, 
YKL026c, a hypothetical protein with 
similarity to glutathione peroxidase, and 
YCR043c, a putative trarualdolase, re- 
vealed that each of these genes also pos- 
sess repeated upstream copies of the stress- 
responsive CCCCT motif. Of the 13 ad- 
ditional genes in the yeast genome that 
shared this expression profile [including 
HSP30, ALD2, OM45. and 10 uncharac- 
terized ORFs (25)], nine contained one or 
more recognizable STRE sites in their up- 
stream regions. 

The heterotrimeric transcriptional acti- 
vator complex HAP2,3,4 has been shown 
to be responsible for induction of several 
genes important for respiration (26-28). 
This complex binds a degenerate consensus 
sequence known as the CCAAT box (26). 
Computer analysis, using the consensus se- 
quence TNRYTGGB (29), has suggested 
that a large number of genes involved in 
respiration may be specific targets of 
HAP2.3A (30). Indeed, a putative 
HAP2,3,4 binding site could be found in 
the sequences upstream of each of the seven 
cytochrome c-related genes that showed 
the greatest magnitude of induction (Fig. 
5D). Of 12 additional cytochrome c-related 
genes that were induced, HAP2.3 ,4 binding 
sites were present in all but one. Signifi- 
cantly, we found that transcription of 
HAP4 itself was induced nearly ninefold 
concomitant with the diauxic shift. 

Control of ribosomal protein biogenesis 
is mainly exerted at the transcriptional 
level, through the presence of a common 
upstream-activating element (UAS-) 
that is recognized by the Rapl DNA-bina- 
ing protein (3 J, 32). The expression pro- 
files f seven ribosomal proteins are shown 
in Fig. 5F. A search of the sequences 
upstream f all seven genes revealed con- 
sensus Rapl -binding motifs (33). It has 
been suggested that declining Rapl levels 
in the cell during starvation may be re- 
sponsible for the decline in ribosomal pro- 
tein gene expression (34)- Indeed, we ob- 
served that the abundance of RAP J 
mRNA diminished by 4.4-fold, at about 
the time f glucose exhaustion. 

Of die 149 genes that encode known or 
putative transcription factors, only two, 
HAP4 and S7P4, were induced by a factor of 
more than threef Id at the diauxic shift. 
S/P4 encodes a DNA-binding transcrip- 
tional activator that has been shown to 
interact with Snfl, the "master regulator" of 
glucose repression (35). The eightfold in- 
duction of SIP4 upon depletion of glucose 
strongly suggests a role in the induction of 



d wnstream genes at the diauxic shift. 

Alth ugh most of the transcripti nal 
responses that we bservcd were not pre- 
viously kn wn, the responses of many 
genes during the diauxic shift have been 
described. Comparison of the results we 
obtained by DNA microarray hybridiza- 
tion with previously reported results there- 
fore provided a strong test of the sensitiv- 
ity and accuracy of this approach. The 
expression patterns we observed for previ- 
ously characterized genes showed almost 
perfect concordance with previously pub- 
lished results (36). Moreover, the differ- 
ential expression measurements obtained 
by DNA microarTay hybridization were re- 
producible in duplicate experiments. For 
example, the remarkable changes in gene 
expression between cells harvested imme- 
diately after inoculation and immediately 
after the diauxic shift (the first and sixth 
intervals in this time series) were mea- 
sured in duplicate, independent DNA mi- 
croarray hybridizations. The correlation 
coefficient for two complete sets of expres- 
sion ratio measurements was 0.87, and for 
more than 95% of the genes, the expres- 



sion ratios measured in these duplicate 
experiments differed by less than a factor 
of 2. However, in a few cases, there were 
discrepancies between our results and pre- 
vious results, pointing to technical limita- 
tions that will need to be addressed as 
DNA microarTay technology advances 
(37, 38). Despite the noted exceptions, 
the high concordance between the results 
we obtained in these experiments and 
those of previous studies provides confi- 
dence in the reliability and thoroughness 
of the survey. 

The changes in gene expression during 
this diauxic shift are complex and involve 
integration of many kinds of information 
about the nutritional and metabolic state 
of the cell. The large number of genes 
whose expression is altered and the diver- 
sity of temporal expression profiles ob- 
served in this experiment highlight the 
challenge of understanding die underlying 
regulatory mechanisms. One approach to 
defining the contributions of individual 
regulatory genes to a complex program of 
this kind is to use DNA microarrays to 
identify genes whose expression is affected 



Fig. 2. The section of the ar- 
ray indicated by the gray box 
in fig. i is shown for each of 
the experiments described 
here. Representative genes 
are labeled, in each of the ar- 
rays used to analyze gene 
expression during the diauxic 
shift, red spots represent 
genes that were induced rel- 
ative to the initial timepoint 
and green spots represent 
genes that were repressed 
relative to the initial timepoint. 
In the arrays used to analyze 
the effects of the fupTA mu- 
tation and YAP1 overexpres- 
sion, red spots represent 
genes whose expression was 
increased, and green spots 
represent genes whose ex- 
pression was decreased by 
the genetic modification. Note 
that distinct sets of genes are 
induced and repressed in the 
different experiments. The 
complete images of each of 
these arrays can be viewed on 
the Internet (73). Ceil density 
as measured by optical densi- 
ty (OD) at 600 nm was used to 
measure the growth of the 
culture. 
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by mutations in each putative regulatory 
gene. At a test of this strategy, we analyzed 
the genomewide changes in gene expression 
that result from deletion of die TUP1 gene. 
Transcriptional repression of many genes by 
glucose requires the DNA-binding repressor 




Migl and is mediated by recruiting the tran- 
scriptional co-repressots Tupl and CycBf 
Ssn6 (39). Tupl has also been implicated in 
repression of oxygen-regulated, rnating-type- 
specific, and DNA-daroage-inducible genes 
(40). 
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Wild-type yeast cells and cells bearing 
a deletion of the TUP] gene (tupl A) were 
grown in parallel cultures in rich medium 
containing glucose as the carbon source. 
Messenger RNA was isolated from expo- 
nentially growing cells from the two pop- 
ulations and used to prepare cDNA la- 
beled with Cy3 (green) and Cy5 (red), 
respectively (N). The labeled probes were 
mixed and simultaneously hybridized to 
the microarray. Red spots on the microar- 
ray therefore represented genes whose 
transcription was induced in the tupl A 
strain, and thus presumably repressed by 
Tupl (41). A representative section of the 
microarray (Fig. 2, bottom middle panel) 
illustrates that the genes whose expression 
was affected by the tup J A mutation, were, 
in general, distinct from those induced 
upon glucose exhaustion (complete images 
of all the arrays shown in Fig. 2 are avail- 

^. /Z^ 1 ? 16 " 1 " (J3)1 ' Nevertheless, 
(10%) of the genes that were induced 
by a factor of at least 2 after the diauxic 
shift were similarly induced by deletion of 
TL/PJ , suggesting that these genes may be 
subject to TVPl -mediated repression by 
glucose. For example, SUC2, the gene en- 
coding invertase, and all five hexose trans- 
porter genes that were induced during die 
course of the diauxic shift were similarly 
induced, in duplicate experiments, by the 
deletion of TUP J. 

The set of genes affected by Tupl in this 
experiment also included a-glucosidases, 
the mating-type-specific genes MFAJ and 

Sl.Cf DNA <femage-induciMe 

RNR2 and RNR4 , as well as genes involved 
in flocculation and many genes of unknown 
function. The hybridization signal corre- 
sponding to expression of TUP I itself was 
also severely reduced because of the (in- 
complete) deletion of the transcription unit 
in the tup lb strain, providing a positive 
control in the experiment (42). 

Many of the transcriptional targets of 
Tupl fell into sets of genes with related 
biochemical functions. For instance, al- 
though only about 3% of all yeast genes 
appeared to be TUP J -repressed by a factor 
of more than 2 in duplicate experiments 
under these conditions, 6 of the 13 genes 
that have been implicated in flocculation 
115) showed a reproducible increase in 
expression of at least twofold when TUP/ 
was deleted. Another group of related 
genes that appeared t be subject to TUPI 
repression encodes the serine-rich cell 
wall mann proteins, such as Tipl and 
Tiri/Srpl which are induced by cold 
shock and other stresses (43), and similar, 
senne-poor proteins, the seripauperins 
(44). Messenger RNA levels f r 23 of the 
26 genes in this group were reproducibly 
elevated by at least 2.5-fold in the tup I A 



strain, and 18 of these genes were induced 
by more than sevenfold when TUPJ was 
deleted. In contrast, none of 83 genes that 
could be classified as putative regulators of 
the cell division cycle were induced more 
than twofold by deletion of TUPJ. Thus, 
despite the diversity of the regulatory sys- 
tems that employ Tupl, most of the genes 
that it regulates under these conditions 
fall into a limited number of distinct func- 
tional classes. 

Because the microarray allows us to 
monitor expression of nearly every gene in 
yeast, we can, in principle, use this ap- 
proach t identify all the transcriptional 
targets f a regulatory protein like Tupl. It 
is important to note, however, that in any 
single experiment of this kind we can only 
rec grme those target genes that are nor- 
mally repressed (or induced) under the 
conditions of the experiment For in- 
stance, the experiment described here an- 
alyzed a MAT a strain in which MFA] 
and MFA2, the genes encoding the a- 
factor mating pheromone precursor, are 
normally repressed. In the isogenic tupl A 
strain, these genes were inappropriately 
expressed, reflecting the role that Tupl 
plays in their repression. Had we instead 
carried out this experiment with a MATA 
strain (in which expression of MFA1 and 
MFA2 is not repressed), it would not have 
been possible to conclude anything re- 
garding the role of Tupl in the repression 
of these genes. Conversely, we cannot dis- 
tinguish indirect effects of the chronic 
absence of Tupl in the mutant strain from 
effects directly attributable to its partici- 
pation in repressing the transcription of a 
gene. 

Another simple route to modulating the 
activity of a regulatory factor is to overex- 
press the gene that encodes it. YAP I en- 
codes a DNA-binding transcription factor 
belonging to the b-zip class of DNA-bind- 
ing proteins. Overexpression of YAPi in 
yeast confers increased resistance to hydro- 
gen peroxide, o-phenanthroline, heavy 
metals, and osmotic stress (45). We ana- 
lyzed differential gene expression between a 
wild-type strain bearing a control plasmid 
and a strain with a plasmid expressing YAPI 
under the control of die strong GAL1-10 
promoter, both grown in galactose (that is, 
a condition that induces YAPI overexpres- 
sion). Complementary DNA from the con- 
trol and YAPJ ov erex pi e a sing strains, la- 
beled with Cy3 and Cy5, respectively, was 
prepared from mRNA isolated from the two 
strains and hybridised to the microarray. 
Thus, red spots on the array represent genes 
that were induced in the strain overexpress- 
ingYAPI. 

Of the 17 genes whose mRNA levels 
increased by more than threefold when 



YAPJ was overexpressed in this way, five 
bear homology to aryl-alcoh 1 oxidorcduc- 
tascs (Fig. 2 and Table 1). An additional 
four of the genes in this set also belong to 
the general class of dehydrogenases/oxi- 
doreductases. Very little is known about 
the role of aryl-alcohol oxidoreductases in 
S. ccrevisiae, but these enzymes have been 
isolated from ligninolytic fungi, in which 
they participate in coupled redox reac- 
tions, oxidizing aromatic, and aliphatic 
unsaturated alcohols to aldehydes with the 
production of hydrogen peroxide (46. 47). 
The fact that a remarkable fraction of the 
targets identified in this experiment be- 
long to the same small, functional group of 
oxidoreductases suggests that these genes 



Rfl. 4. Coordinated reg- 
ulation of functionary re- 
lated genes. The curves 
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duction or repression ra- 
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each indicated group. 
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might play an important protective role 
dunng oxidative stress. Transcription of a 
small number of genes was reduced in the 
strain overexpressing Yapl. Interestingly, 
many of these genes encode sugar per- 
meases or enzymes involved in inositol 
metabolism. 

We searched for Yapl-binding sites 
(TTACTAA or TCACTAA) in the se- 
quences upstream of the target genes we 
identified (48). About two-thirds of the 
genes that were induced by more than 
threefold upon Yapl overexpression had 
one or more binding sites within 600 bases 
upstream of the start codon (Table 1), sug- 
gesting that they are directly regulated by 
Yapl. The absence of canonical Yapl-bind- 
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in? sites upstream of the others may reflect 
an ability of Yapl to bind sites that differ 
from the canonical binding sites, perhaps in 
cooperation with other factors, or less like- 
ly, may represent an indirect effect of Yapl 
overexpression, mediated by one or more 
intermediary factors. Yapl sites were found 
only four times in the corresponding region 
of an arbitrary set of 30 genes that were not 
differentially regulated by Yapl. 

Use of a DNA microarray to character- 
ize the transcriptional consequences of 
mutations affecting the activity of regula- 
t ry m lecules provides a simple and pow- 
erful approach to dissection and character- 
ize ti n of regulatory pathways and net- 



works. This strategy also has an important 
practical applicati n in drug screening. 
Mutations in specific genes encoding can- 
dictate drug targets can serve as surrogates 
for the ideal chemical inhibitor or modu- 
lator of their activity. DNA microanays 
can be used to define the resulting signa- 
ture pattern of alterations in gene expres- 
sion, and then subsequently used in an 
assay to screen for compounds that repro- 
duce the desired signature pattern. 

DNA micToarrays provide a simple and 
economical way to explore gene expres- 
sion patterns on a genomic scale. The 
hurdles to extending this approach to any 
other organism are minor. The equipment 




13 15 17 19 21 



Time (hours) 

Rg. 5. Distinct temporal patterns of induction or renressinn hotn t« „ 

properties. (A) Temporal>ofite of n^^Z^^^Jt 9 ^^ that share re 9^W 
"^tra^ OD at 600 nm and gbcose 

Ws in ther upstream^n^^ ££2£J^ , **** ""^ STRE moW 

expression rjrofite (ElSAMi GPP1 am c^^JT-* mi least 17 genes shared a similar 

genes co^phse a o^e^T^S 2JS££Zn ^ ' V) R c ib0somal ^ 

Profiled here conutaone or m^MP^a^^,^ de P' e,on <* 9^cose. EacJi ol the genes 



9 



www^ciencemag.org • SCIENCE • VOL 278 • U OCTOBER 1997 



required for fabricating and using DNA 
microarrays (9) cotuim of components 
that were chosen for their modest cost and 
«mplicity. It *as feasible for a small group 
to accomplish the amplification of more 
™n 6000 genes in about 4 months and, 
once the amplified gene sequences were in 
hand, only 2 days were required to print a 
«t of no microarrays of 6400 elements 
j In PrC * C P^aration, hybridization, 
and fluorescent imaging are also simple 
procedures. Even conceptually simple ex- 
periments, as we described here, can yield 
vast amounts of information. The value of 
the information from each experiment of 
this kind will progressively increase as 
more is learned about the functions of 
«ch gene and as additional experiments 
define the global changes in gene expres- 
sion in diverse other natural processes and 
gcn fi tiC Perturbations. Perhaps the greatest 
challenge now is to develop efficient 
methods for organizing, distributing, inter- 
preting, and extracting insights from the 
large volumes of data these experiments 
will provide. 
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f^^charrt^andthensnapK^fcr^sonehrt 
Ptate (10Q-Q. The DNA w£^jEt£*& 

<£* s ***> » the surface by subject*? the sides to 
60 nvjof energy (Stratagene Stratafinkar).Therastof 
thepcVi-Jysne surface was blocked by a ^&tm 

c«oived nanuon consisting of 315 mi of 1. 

and 35 mt of 1 M 
bone aod (pH &0J. Direct* after the btock^reac- 
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ton. the bound ONA was denatured by a 2«mh tv 
oubatbn h dotted water at -95t. The sides ware 
^trtns leffedir<Dabs^oflOC^et>watiDom 
temper ature, "need, and then spun c*y in a caracal 
ortfcVgfcSidM ww» stored in a dosed bos at 
room tampeiiitfttftJ used. 
10. YPO mecfium (8 Bars), h a 10-tter %me nuto 
vessel. wasinocutated with 2 ml of a fresh over- 
night culture of yeast strain D8Y7266 (MATa. ura3, 
tewntor was rnairttairiedBl30*Cw«lh 
constant agitation and aeration. The glucose corv 
tent of the meda was rneasured with a UV test Wt 
(Boehringer Mannheim, catalog number 716251) 
Ce^ensoy was measured by OOat 600-nmwave. 
length. Alquots of cuture were rapicty withdrawn 
vom the fenrtentation vessel by peristaltic pump, 
spun down at room temperature, and then flash 
frozen with Squid nitrogen. Frozen cats were stored 
at -8CFC. 

11. Cy3-dUTPorCy5-dVTP(Amefs^ 

rated diving reverse tr ansc r ipti on of 1.25 ua of 
rx>ryadenytated tPorytA)*] RNA. primed by e oT(16) 
oligomer. This mature was heated to 7CTC lor 10 
min. and then tr anrte n e d to ice. A prernbred solu- 
tion, consisting of 200 U Superscript 0 (Gtoco), 
butter, deoxyribonudeoside triphosphates, and Ikh 
orescent nucleotides, was added to the RNA. Nu- 
cleotides were used at these final conce ntiali u tt : 
500 »iM for dATP, dCTP, and dGTP and 200 uM 
for oTTP. Cy3-dl/TP and CyS-dl/TP were used at 
s final concentration of 100 pM. The reaction was 
then incubated at 42*C for 2 hours. Unincorporat- 
ed fluorescent nucleotides were removed by frst 
cfiuting the reaction mixture with of 470 uJ of 10 
mM tris-HQ (pH 84/1 mM EDTA ano then subse* 
Quentty concentreting the mix to -5 »d. using Cen- 
tricon-30 nrwcjoox central ex s (Amicon}. 
12. Piffled, tabei edcONAwasresuspendedinii »Jof 
3 - 5x SSC containing 10 |ig po*y(dA) and 0.3 of 
10% SOS. Before hybridization, the solution was 
bofled for 2 min and then allowed to cool to room 
temperature. The solution was applied to the mi- 
croarray under a cover slip, and the slide was 
pieced in a custom hybridization chamber which 
was subsequent* incubated for -8 to 12 hours w\ 
a water bath at 62*C. Before scarwg. sides were 

n V ST , c5l l? 50 ' 0^* SDS for 5 rnia and men 
0.05x SSC tor 1 min. Sides were dried before 
scanning by centrifugation at 500 rpm to a Beck- 
man CS-6R centrifuge. 

13. ^comp*«eoatasethava«abieonthehtemetat 
cmgra starford.edu/fecfowrtf ^ 

14. For 85% of al the genes anaJyzad. the mRNAievab 
measured h celts harvested at the first and second 
nerval after inocutation differed by a factor of test 

1-5. The correlation coefficient for the compar- 
ison between mRNA levels measured tor each gene 
r these two cSfterent mRNA samples was 0S8. 
When duplicate mRNA preparations from the same 
eel sample were compared in the same way. the 
correlation coefficient between the exprasstonleveb 

r^^S^J]!!^ ^fj^"^ samples by comparative hy- 
brxazaton was 0.89. 

15. Therumbers and iotntities of known and rjutafive 
^Sl"?* homo ^to<^ganes.were 
gathered from the Wowing pubfic databases: Sac- 
etoromyem Genome Database (genome-www 
stan torcledu). Yeast Protein Database (quest7 
Proteornexom). and Munich Information Centre for 

« p ^S*^ 1 X ScnM * G» Ml. » (199S). 

,, r^ W H -Mager.MotCata« 15.6232(1995).' 
S' , ,^?* nt3 C Sehueer. abase* 17. 959 (1995). 



H^jst^ i* 0 * <jeinBd « **** •» 

ncsxbon of greater than 10-** at 1&5 hours and 
man 11-** « 20* how. 

Z8. angle letter afibrevatiors tor the arwe ecu res- 

An p'S£n o •K^LyKUlwM.MetN. 
fi?ZJS\°- ^"•^S.SenT.Tfrv. v« w. 

B-C. G. aT: a. T. erC; R^orG; and Y-Cor 



11' n f^** 7,BO * G8r>et 10 * 09«). 
^ ^ and K A, Raue. ^ 4. 64 (1988, 

MNH was used to search for potential RAPl-b»x*ng 
snes. The exact consensus, as oefhed bv GOi S 
WACAYCCRTACATYW. with up^Sf^ 



34. S. F.Neuman, S. Bhattacharya. j. r. Broach. MoL 
Cel Bioi 15,3167(1995). 

35 ' I^fif? 896 ' X Yang * M " Cartson - *tt 16. 1921 

36. For exampie. we observed targe inductionj of the 

Moooo/. 20^ 751 (1996)], the central gryoxytate 
cycle gene tCLI (A. Schoter and K J 
Curr. Genet 23. 375 (1993)]. and the -aerobic : 
xotom ot acet>4.CoA synthase. ACS! [M. A. van 
den Bergefai. J. to. Cham. 271. 28953 (1996)1 
with roncomitam down-regulation of the glycoM- 

fil M J^J**" • 5330 OWDJ. Other genes 
"ot^^^vorved m carbon metabolism but 
toown itol be induced upon nutrient (imitation in- 
Cfcde c^es encoding cytosobc cataiase T CTTl 
l^H. Bissmger el a/., iott 9. 1309 (1989)1 and 
several genes encoding small heat-shock proteins. 

SljL Crtefn * 266 « (1991): U. M 

^^P.^Meacock,Mo/. Gen. Geoer 223 

37. T>^ levels otfrKXjOion we rr>eas^ 

wem expressed at very low levels in the uninouced 

than mose previously reported. The ctiscrepancy 
was ftefy due to the conservative background sub- 
^°^ ho0 r 9 when generalry resurted r 
M ^tSlJi!?- ^ ^ "b^ession levels (46). 
36. Cross^ybntationoiri^ 

wo occasionalv obscure changes in gene express 
f^* 1 "Want concern where mernbers of gene 
erefur«»na»y soeciateeo and drttefentoOy 
TST^Tr^J^ 0 ^ «*W»°9<™se genes, 
^fand AON?, share 88% nucleotide kStty. 

^«^»d«w snm. was not observed ri 
mc expenmern^ presumabry because ot cross-hy- 
bntoton of the fluorescent cOMAs representing 
^^1^ Nevarmeiess. we were able to Oe- 
^•arfterental expr esson of dosery related isof orms 
1 < f VymeS| 35 HXXVHXK2 (77% ben- 

OAL7f^% OentcaO CO), ano PGM1/PGM2 (72% 
^caflp Oh. J. E. Hopper. Mot. Caff. &oi 1 0. 
1415 (1990)). « accord with previous stucfes. Use * 
tnejnooarray of oeliberatery selected DMA se- 
o^ewcoriBspor^to 
was of homologous genes, in l^ of the complete 
^^ MOjutnce5 * shouW re*eve this problem in many 



?.l TzamahM 600 * StruhJ, Atefure 369. 758 (1 994). 
41. Ojfierences in mRNA levels between the tupiAand 
w*d-rype strain were measured in two irttependent 
•J^^^ccmatationc^ 
«2*«^«eu of expression ratios measured in 
tnase ctupicate experiments was 0^a The concor- 



t sets of genes ftat Mso^mt ^ 

P^«»cw*^oe«(Weit^aaSL 

t^aen the ATTG of 7tP? ano an Eoo R I aaa 124 baee 

pairs before the stop codon of the TLPi gana, 

15.341 (1995). 
44. M. vfewanathan, a MutTiuhumar. y. S . Conn. JL 
Lanard. Gene 148, 149 (1994). 

a* t U S!2!^' ^** m6<0 ' ^ rmeto, M. J. Martinez. 

^ Worobct STlTW 

^ ^>mrnie. M. S. Szcrypka, D. J. Thieie, W. S. 
« ^^^^ ** ^ ^ 32592 (1994). 
^ oamjy * were » cann * 1 using a custom-tual 
scanning laser rricroscope buit by S. Smith wth 
sofl wewrttten by NL Z/v. Detais cc m cc u wv ct^- 
"•^de^gn and construction are avaitable at crrtom. 
* antor0 -*Mpc*own. Images went acannad at a 
msotutan of 20 par pixel. A separate scan, uara 
Jje aprjropriate axcrtation Ine, wasdoriatoaachof 
^wfiuor^^ 

oess, the ratio between the signals in the two charv 
^ was calcutatad for several array ataamsoorv 
22»«-J Wc ONA. To nSrnaaxe thaTwo 
channels wfth respect to overal irtanstty« we then 
a^us^phrtor^^ and lasar power eett^iga 
wch that the sgna/ ratio at these elements was aa 
aosetoi^r*x^.T^ 
gyrod with c u ston»-wmten software. A bouneano 
box, fitted to the siza of the DMA apots in each 

2f?S: 'Z***™* •** eiamantTha 

8 J' e ' B 9 e fworascent mensity was caJcutatadbyaum- 
"^^gthe intensities of each pixel rxesaf* * a bound- 
ng box, and then dividing by the total number of 
Poets. Local area background was calculated for 
each array element by CMemwtng the avarage luo- 

t*s. Atthough ths method tends to underasamala 
^ebeckg^, causing an u nctoasto. ^ S" 
trwrieratjcs,ltprcxj^ 

gerant approximation. Although the anakxHo- 
dxjrtal board used for data ooftaction rxxmaaaaa 
wide ctyrmic range (12 bits), several signals ware 
fatted (greater than the maximijmaiQ^irrtanatN 

ratios at bright elements are oenamtv ur**mm*v. t ^ 

Jtensty after backpround subtraction waa al iS 

h^SlI^ ^ standafd ***** * ** 
Mckground measurements for ai eiemanu on tha 

ouumnai gvies were nouoad by an avaraoa of 
more than threefold in the Oiriicmeexp^SXyout 
none of the two expenments. the r«u^^|las 
man twototo (range 1.6- to 1.9-fold) 

I? 9 B0 T netl P * Spettnan, J. RmSo, M. 

Eoen. R. Ptei. B. Dunn. T. Ferea. and omerrriam* 
bers of the Brown tab for their assistance andrt«M4 
advee. We also thank S. Friend. 0. Botttain7& 
S^J.HudsorvandO.Doic^ 
portend encouragement; K. Stn* and S. ChatSr- 
jetor me Tupi deletion strain: L F^manoaa (or 
hrtpfui aovce on Yapi; and S. Wapfioband the 

senpt Supported by a gram from the National 
man Genome Research irtsttuta ffMRB 

eno tne nhqhi. v.R. was suooorted in owt »w M 

•nsttu^Tra^Gram 

HG00044) from the NHGRt. P.O.B. isl.nlaiaoLS 

investigate the HHML 
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Human Genome Placed on Chip; Biotech Rivals Put It Ud 



for Sale 

By ANDREW POLLACK (NYT) 1030 words 

The genome on a chip has arrived. 



Melding high technology with biology, several companies are rushing to sell slivers of glass or 
nylon, some as small as postage stamps, packed with pieces of all 30,000 or sfkTw^ hmtan 

P ?f Wi " aD0W SdentistS t0 scan 311 eenes » a human tissue sample at once to 
detenmnewmch genes are active, a job that previously required two or morTchip Z T^ole 
genome chips will lower the cost and increase the speed of a widely used Tst that haT 
transformed biomedical research in the last few years. 

said £££ ?A S FodVrT T^™ 1 * t0 ™ ^grated circuit of the genome," 

wlf a^^ ° f ^ AC lea ^ o^ene chips, 

^ CaIif ' i$ CXPeCted * — C - * * — g orders 

The announcement seems tuned to steal some thunder from the rival Agilent Technologies 
which is based in nearby Pak> Alto. Agilent is to be the host of an analyst meSS?5d it 
plans to announce then that it has started shipping test versions of its * 

Applied Biosystems of Foster City, Calif., a unit of the Applera Corporation started the race in 
July with an announcement that it would have a whole-genome chip out by the ^e^d of ^ vea? 

Ml?? 5 7T. 8 SmSU1 C ° mpany " Madis ° n ' Wis ' a * SiS a 

genome on a chip that ,t was not selling but that it was using to run tests for cu^tom^s 

Gene chips, which detect genes that are active, meaning they are being used to make a protein, 
have become essential tools. Scientists try to understand the genetic mechanismTof dSe by 
seeing which genes are turned on in, say, a sick kidney or lung compared with those acfive in a 
f hamaCeUUCal C ° m *™ s l00k * a «ivity P^ems to try to pred ctTe 



Scientists have found Oat tumors that look the same under the microscope can differ i» lm « r 
witch genes are acdvt So smdying gene patents could become a wayTdSu^K^' 
deadly and not-sc-deadly tumors, or to predict which drug will work best for^aS^em. 

SSS^" ^ ** «»« *anse from two chips to one is more symbolic than 

"You can do just as good science with two chips, it costs vou a link m™ - . m » . 

^ vice president for research and development a! ' R ° land Green - 

computers continuously cbeap^ and snalt. * P ^ ta ^ "»•«*«*» ■* 

gene chip shrdies to phaTaceutica, ^ *" * 0n ' 

Moore's law smes thatthe number of trustors on a semiconductor chip doubles every IS 

known of the human genome Afa Z ■ Cm °, ' ChipS mcA * wha was *« 

chip, which some scientists say will be more convenient. ^ 

Research Foundation in San Diego! ^ *' Gra ° m,CS Ins " tme of me Nova "* 

Sfm^o^^^ *« scientist 

spokesman said tha, human gLme ' °~**» 

r^d^ 4 ^ 0 TT mdS Afl j" nari * "o* *•« the company* sales growth rate had 

y ^ me make r of genomics equipment over all, will be 
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entering the microairay segment of the business with its whole-pennm*,*;- w • • , 
market will be for chips that SS^S ay '. lh ! b ' Uca «™" ,h of *» 
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\ Agilent J Agilent Technol gies ships whole human 
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N ws@Agilent 

Agilent Technologies ships whole human genome on sinale 
m.croarray to gene expression customers for evaluation 

C mpany to .ntroduce first commercial whole human mcro^y^^ r 
PALO ALTO. Calif.. Oct 2. 2003 



density format, which ran «wn«Ki^ JSj^^JS^-"^ ° n new doub ^ 

n w platform enables drug-discovery and nSSSSSta microarray. The 

tower cost and with higher reproducibility. ^searchers to perform whole-genome screening at a 

"This is an important step toward our release nf the .^.-i 

J expected to be available for orde? bSore L end om£5£ - SKSK ""T"^ ProdUCt ' « hfch 
and general manager of Agilent's BioResearch Solutions ^UrTr"Culm^ Sa T ders - vice P resioent 
sample, one-chfe format with the increased »n<i«!Sl ,! ■ . 5 ustomers have ton 9 wanted a one- 
and high^uanry performance ^prod^^ P"*«- The cost savTngs 

own microarrays." compelling alternative for scientists who make their 

Agilent's microarrays are based on the industry-standard 1" x 3" /?«;m m , ?t w 

compatible with most commercial microarrav a^nnprf ah a J \ m x 75mm) format - is 

using content from public ^ba^T^P^lo^Z HT™" microa ^ are developed 

information made available to customers Gene semln^f?' ■!"" 5601,61,06 an ^ annotation 

and then validated empirically th™gT£ ra ^ '-rT ,0ped usinQ •*>*«■ 

comprised of functionally validated probes wim th« SS? f ? P ro . cedures - Tne result is a microarray 

information commercially available. up-to-oate and comprehensive genome 

Advantages of the double-density format include: 

• Smaller sample use. A smaller quantity of sample material i 
Availability 
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I is required to perform an experiment. 
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Agiienrs Whole Human Genome Microarray is expected to be avai,ab.e for order by the end of me year. 
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'" eS^sT COmmerCial LaUnCh * Si "9 ,e fcr Human G,non» 

• AFFYMETRIX GENECHIP(R) BRAND HUMAN GENOME U133 PLUS 2.0 ARRAY 

isesssssf* Brand Human Genom « u133 p,us *> 

SANTA CLARA, CA USA 10/02/2003 




( Wcbsif ^ 



More Than 1 Million Probes Analyze Exnr M ««i«« T 

^scripts and variants o.T.^S ^2 ^f^L^ 

GeneChip(R, brand Human Genome^ ^ Plus 2 MW 
protein-coding content of the human aenomZ'IL ■' ° fferin S researchers the 
catalog microarray. The HG-U133 P^us 2 0 3 "? 9le commer "ally available 

of nearly 50,000 RNA transcripts and vari^f 7 analyzes the expression level 
transcript, providing superior data o£5£ ""Vf different P»be. per 
single probe per transcript ^ ty unmatched »*y technologies using a 

"wJtWbo^ ) 
the Human ^ tel^^J^^^* ^ si " <* * human thumbnail, 
further .demonstrates the "££e powered llllV^ 1 ^ ^ C *^Y> and 
explore vast areas of the genome "said Trevor 5 u ^ technolo 3y to 
Commercial Officer. -Multiple indenendfJ Nicholls, Ph.D., Chief 

ensure that our data quaU?y remXstn- . measurements 'or each transcript 
capacity increases dramatically." """try standard, even as our data 

sets representing about 6,SoJ new geneT VJot.?"? 7 "j 000 n6W Pr ° be 
transcripts and variants. This new iJf 1 ! 1 ° f nearly 50 ' 000 ™* 

version of the publicly avaiiabJi o^^ °"' verified «9*in.t the latest 
comprehensive aid up-to-a£e genomHwide researche " most 

design strategy of ?he HG-uL! Zluti n V "Session analysis. The probe 
U133 Set, providing very strong data con^^ " i dentical to th. previous HG- 
With more than double £he dlt^cfpacitv of t^Tt thC tW ° P rodu "s. 

human product, the HG-U133 Plus To Sav e S \? rev J ous -9f ne «tion Affymetrix 



""""" "* -i-)ArrT = ,n.KTnDv r ,. 
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«. expression analysis, while maintainino Affv™.*.,.,- , 

.. more than 30 times that of anv et-w ~7 rray ' *- 3 ^Hion data points in all 
' independent ~.ur^Lir^d2^w^^^^ lw - °« 4b » <**tip?e? ' 
most accurate, consistent*^ mtSiSl^™-? ^ "* «d the 

"More data points produce more « a J I ,19a } fle,at result * Possible, 
better science, - said HichS^T^^S "f Ultiraatel y' 

customers the assurance that their f™ , P be Set strategy gives our 
their sample.- ' th61r array results actually reflect what- s^ n 

Affymetrix is also launchina an un rt a( ..j 
18-micron HG-U133A Array „l5?t£ SSSSL'JSSSS iVl™ ° f itS P ° PUl « 
feature size on this new design means reseaLh^f! ° teay - The reduced 
volumes than on the previous 18-nH™, researche " can use smaller sample 
This new array ™^ "^^.1, performance, 

human biology and disease processes AU DrSf^^c C&n be USed to «Plor« 
original GeneChip HG-U133A Array are ? , represented on the 

HG-U133A 2.0 Array. " y 3re lden tically replicated on the GeneChip 

More information on the design of th- wr tth-» m 
HG-U133A 2.0 Array may be found S the JjfJZlSfJ ^J* 8 . 2 ' 0 «d the 

http://www.affymetrix.com. Affymetrix website at 

P^^t tt i liiJiSS^a fh^n Haf™^ ° H thiS ~ d 
The Company will also hold a press conferen^ *A ° n 0ct ' 7 " 9 ' 2003. 

12 p.m. at the show regarding the aSTSSS? ^ ° Ct ' 1 ' £r ° m 11 a ' m - to 
would like to attend this prLs conferen^T U " 3 PluS 2 '° Array. If you 

at c.stupnicka@northbankcommunications.corn COntaCt Caroline Stupnicka 

About Affymetrix: 
Affymetrix is a pioneer in r«... • 
the genomic revolution. By apply"^! SSST^V 001 * that are 
to the life sciences, Af fyme^dlveJops anl ™ ^ . semiconductor technology 
enable scientists to improve the quaU?v 0 J ?<5 omme , r " al "« systems that W 
include pharmaceutical, biotechnoloov • ' ? Com P a ny's customers 

products companies as well as acad-S^ a ? ricnemica1 ' diagnostics and consumer 
research institutes. Affymetrix 90Vernn,ent and other non-profit 

products and services, including it! expandin 9 Portfolio of integrated 

growing markets focused on undersj^dina ?S ^ G6neChip P latf °™< ^address 
human health. Additional inf^rmlSon on**^ " la t«nship between genes and 
http://www.affymetrix.com. nrormat ion on Affymetrix can be found at 

All statements in this nrwe 
"forward-looking statements- with" tJe^ " "V** hist °"o a l a ~ 
Securities Exchange Act as amended intlT* " 9 ° f SeCti ° n 21E of the 
"expectations,- -beliefs,- .hopes?- "ntS^"!"!"'' re 9 ardin 9 Affymetrix- 
Such statements are subject to risks ' Strategies" or the like, 

results to differ materiaSy foll^t^V^^** that COuld cause a «ual 
but n t limited to risks of the Com^n^ x f 0m th ° Se P ro ^cte d< including? 
higher levels of revenue, high« gr^s^marSn 1° aChieVe and susta *n 
uncertainties relating to tJSlfSil^Sr^ \ reduced °Perati„g expenses, 
development, market acceptance (inKudin??^ ^^"uring, product 

development and market acceptance of S^ri " C " 31ntles relating to product 
and the HG-U133A 2.0), personnel r!^^ Gen *Chip HG-U133 Human Plus 2.0 Array 
pricing of Affy-trix'pS^dS^'J 1 !-"^"-? " lated to cct^T • 
uncertainties relating to sole sour« I,™ i collaborative partners, 
and other regulatory Approvals, SStl^"^^'^-""*' relatin9 te "» 
property of others and the uncertai5ti« t relating to intellectual 

These and ther risk factors are Lscussef tolEt*?^™* 10 * "'^"ion. 

e discussed m Affymetrix- Form 10-K for the 

httn://ww W . Dm ewswirexonVc fi i-bin/stories.Dl?ACCT=]04&STORv = /. _ 
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year ended Dec mber 31, 2002 and other SEC rener*. * 

Reports on Form 10-Q f or subsequent o^arffrf?! • '/ nClUdin 9 its Quarterly 
disclaims any obligation or und^rtakSo rly P eriods - Affymetrix expresslj 
revisions to any forward -JLSng st^eLL/ %" e *? licl Y «V «pS«« 2 
change in Affymetrix- expectation^ ^TZ^S^™** * -" £1 «« ^ 
events, conditions, or circumstances on Sff^S SSL^j^. 

traders own'eTor'ted* LV^SL^."* °«^P - are registered 
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Macroresults through Microarrays 



The third enactment of Cambridge 
Healthiech Institute's Macroresults 
through Microarrays meeting was held 
in Boston (MA, USA) from 29 April- 
1 May 2002. The subtheme of this year's 
meeting was 'advancing drug discov* 
ery', a widely touted application for 
array technology. 



The evolution of microarrays 
If you were asked 'Who first conceived 
of the idea of microarrays', who would 
come to mind? Mark Schena perhaps, 
first auth r of the seminal 1 995 paper 
n cDNA arrays [1]? Maybe Pat Brown, 
Schena's then supervisor? Or perhaps 
Stephen Fodor, the primary driver 
behind Affymetrix's (http://www. 
affymetrix.com) oligonucleotide-based 
platf rm [2], Brits might even chant the 
name of Ed Southern [3]. Well, accord- 
ing to R ger Ekins (University College 
L ndon Medical School; http://www. 
ucl.ac.uk/medicine/) all these answers 
w uld be wrong. It was in fact Ekins 
and his colleagues who first conceived 
f and patented 'a new generation of 
ultrasensitive, miniaturized assays for 
pr tein and DNA-RNA measurement 
based on the use of microarrays' in the 
mid 1 980s [4]. The concept and poten- 
tial f array technology was more fully 
described in a later publication, in 
which Ekins et ol [5] concluded that an- 
tibody micr spots of -50 jim* could be 
achieved, and that as many as 2 million 
different immunoassays could, in prin- 
ciple, be accommodated on a surface 
area of 1 cm*. 

Techn logical innovation 
In practice, it took a different biological 
molecule (DNA), a different research 



group, and a leap into microfabri- 
cation technology to even begin 
approaching these kinds of densities 
(Affymetrix patent 6045996 talks of 
one million spots cm-*]. Of course, 
advancing technology is one of the 
driving engines behind the genomics 
juggernaut, and we are already seeing 
'4th generation' machines for fab- 
ricating DNA chips. If the company 
representatives at this meeting are to 
be believed (and their cases seemed 
strong), spotting is out, and in situ 
fabrication of oligonucleotide-based 
'iterative custom arrays' is in. Whether 
you go with the Combimatrix's (http;// 
www.combimatrix.com) electrochemi- 
cally directed synthesis and detection 
system, febit's (http://www.febit.com) 
Geniom* technology, or Nimblegen's 
(http://www.nimblegen.com) Maskiess 
Array Synthesizer technology is a 
matter of personal choice. However, 
each of these machines provides the 
flexibility to design variable length 
oligonucleotide probes from se- 
quences inputted by the user, and then 
perform in situ synthesis of an array. 
Each system also boasts unique advan- 
tages. For example, Combimatrix's 
biological array processor is a semi- 
conductor coated with a 3D layer 
of porous material in which DNA, 
RNA, peptides or small molecules 
can be synthesized or immobilized 
within discrete test sites, while febit's 
Ceniom One* is a fully integrated 
gene-expression analysis system with 
minimal user hands-on time - the 
probe sequences are pr grammed, the 
RNA samples inserted, and the gene 
expression data is pumped out a few 
hours later. 



Cell- and tissue-based arrays 
Array technology is in most people's 
minds firmly linked with gene-expression 
profiling. Fewer are aware that cell- and 
tissue-based arrays have been devel- 
oped, and how they can provide 
a vital extra dimension to research. In 
support of this, Barry Bochner gave an 
update on the cell-based array system 
that Biolog (http://www.biolog.com) 
has produced for simultaneously mea- 
suring the effects of one gene in the cell 
under thousands of growth conditions 
(see [6] for further details). David Watt 
(Tufts University; http://www.tufu, 
edu/) is developing single live cell ar- 
rays using optical imaging fiber (OIF) 
technology. An array of microwells is 
fabricated on the face of an OIF at den- 
sities of up to 10 million wells cm-*. 
Cells are then added to the wells and 
disperse at an average of one cell per 
well. Physiological and genetic re- 
sponses of each cell are measured via 
fluorescence produced by reporter 
genes (e.g. / 0C Z, gfp. Assays performed 
so far include yeast live or dead cell 
assay, microenvironment pH and 
0 2 measurements, promotor responses 
using the lacZ and phoA reporter genes, 
and protein-protein interactions using 
the yeast two-hybrid system. The main 
advantage of this system is that the ceils 
remain alive during the assay, which 
means a real-time timecourse can be 
performed and/or the array passed 
from sample to sample. This w uld be 
useful in, for example, the scanning of 
a combinat rial drug library for specific 
physiological effects. 

Tissue arrays are a useful complemen- 
tary technology to DNA arrays because 
they can be used to help validate and 
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understand the biological and medical 
significance of gene changes disc v- 
ered using standard DNA arrays. F r 
example, an array of tumor tissues can 
be screened for the protein (using im- 
munohistochemistry), message (using 
in situ hybridization) and copy number 
(using comparative genomic hybridiza- 
tion) of a gene of interest, to determine 
if expression of the gene (or lack 
thereof) is related in any way to sur- 
vival. They can also be used to predict 
the probability of clinical failure of lead 
compounds as a result of toxicity by 
evaluating the distribution of the drug 
targets in normal tissue. Spyro Mousses 
and his co-workers at the National 
Human Genome Research Institute 
(http://www.nhgri.nih.gov/index.html) 
have built such arrays, including a 
multi-tumor array (-5000 specimens, 
and sections from 36 normal and 800 
metastatic tissues) and a normal tissue 
array (76 tissue and 332 cell types). 

The problem with proteins 
It has been said that genomics tells us 
what might happen, transcriptomics 
indicates what should happen, and pro- 
te mics shows what is happening. The 
impact of functional proteomics on 
pharmaceutical R&D is rapidly increas- 
ing, and protein arrays are being used 
increasingly in both basic and applied 
research. Their use lies not only in com- 
parative protein expression and inter- 
action profiling, but also in diagnostics 
and drug discovery. However, an in- 
creasing number of researchers have 
f und that protein arrays, like their 
cousins the DNA arrays, present several 
practical obstacles relating to their pro- 
duction and use. For example, in using 
Escherichia colt to produce recombi- 
nant eukaryotic proteins from a single 
expression vector, multiple protein 
products are often produced, suggest- 
ing mixes f truncated or otherwise 
altered proteins. There is also the obvi- 
ous concern that the proteins might 
not be modified in a similar manner to 



eukaryotic systems. Also, an optimal 
method for depositing and binding 
proteins to the selected substrate is 
yet to be determined, as is the best 
way to ensure that they are bound in a 
correctly folded, active conformation. 

Several companies have been address- 
ing these problems. Prolinx (http:// 
www.proIinxinc.com) is one such com- 
pany, and Karin Hughes described their 
Versalinx™ chemistry for producing 
protein, peptide and small-molecule 
arrays. Versalinx™ uses solution-phase 
conjugation followed by immobiliza- 
tion, resulting in functional orientation 
of proteins and peptides on the sub- 
strate surface. It also offers the valuable 
additional benefit of exhibiting low 
non-specific binding. Sense Proteomic 
(http://www.senseproteomic.com) is 
also among those addressing these 
problems to develop robust protein 
arrays for drug discovery and clinical 
applications and has developed func- 
tional protein array formats based on 
specific disease tissues. Subtractive hy- 
bridization is used to identify genes 
with altered expression in breast tumor 
and cystic fibrosis compared to normal 
tissue. A high throughput cloning strat- 
egy (COVET™) is then used to produce 
libraries of genes that are tagged, 
cloned, expressed, purified and finally 
immobilized on glass slides, initial vali- 
dation studies have shown that the vast 
majority of the immobilized proteins do 
indeed retain biological function. 

Stefan Schmidt and his company 
(CPC Biotech; http://www.gpcbiotech. 
de) have moved past the platform devel- 
opment stage and, with their focus 
firmly on drug discovery, are currently 
developing kinase-profiling arrays. 
Kinases are important targets for phar- 
maceutical drug discovery and therapy, 
and GPCs aim is to simultaneously de- 
tect multiple kinases, obtain activity pro- 
files for different cell types, or analyze 
the ability of drug candidates t inhibit 
kinase activity. T do this, recombinant 
kinase substrates are imm bilized on 



membranes, incubated with purffied 
kinase, and the-substrates measured for 
the degree of phosphorylation. 

Summary 

Meetings like this, packed with exciting 
discoveries and intriguing and interest- 
ing innovation, heavily emphasize the 
pace at which biotechnology is advanc- 
ing, to the extent that the number of 
options for genomic and proteomic re- 
searchers can become overwhelming. 
Although data analysis is perhaps the 
greatest current concern for array users, 
an increasing challenge will be to deter- 
mine the approaches and technology 
that really work, and to do it in a timer/ 
manner. 
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f^?M«S^'°' dinien i i0D ^ C *P } map of Fischer 344 rat liver 
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hver proteins and their regulation by various drugs and toxic aeents S exSJK 
ofsucn a study, involving regulation aMa^^SSS^S^^S- 
ng orugs ano , h.gh-cholesterol diet, is presented. Since the map has be«ob- 
tamed with a w.oely used and highly reproducible 2-D gel system (thels^Dal? 
gstem). „ can be directly related to an expanding body of wSoSer £££ 
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1 Introduction 

High-resolution two-dimensional electrophoresis of pro- 
teins, introduced in 1975 by OTarreli and others [1-4], has 
been used over the ensuing 16 years to examine a wide va- 
riety of biological systems, the results appearing in more 
than 5000 published papers. With the adJem 0?^ 
ized systems for analyzing two-dimensional (2-D) gel ima- 
ges and constructing spot databases, it is also possible to 
plan and assemble integrated bodies of information de- 
scribing the appearance and regulation of thousands of pro- 
tein gene products [5, 6]. Creating such databases involves 
amassing and organizing quantitative data from thousands 
of 2-D gels and requires a substantial commitment in tech- 
nology and resources. 

Given the long-term effort required to develop a protein da- 
tabase, the choice of a biological system takes on consider- 
able importance. While in vitro systems are ideal for answer- 
ing many experimental questions, especially in cancer re- 
search and genetics, our experience with cell cultures and 
tissue samples suggests that some in vivo approaches could 
have major advantages. In particular, we have noticed that 
hvertissue samples from rats and mice appear-to show grea- 
ter quantitative reproducibility (in terms of individual pro- 
tein expression) than replicate cell cultures. This is perhaps 
a natural result of the homeostasis maintained in a com- 
plete animal vj. the well-known variability of cell cultures 
the latter due principally to differences in reagents («/ 
fetal bovine serum), conditions (e.g., pH) and genetic -ev£ 
lution^of cell lines while in culture.lt is also more difficult 
to generate adequate amounts of protein from cell culture 
systems (particularly with attached cells), forcing the inves- 
tigator to resort to radioisotope-based or silver-based stain- 
oetection methods. While these methods are more sensi- 
tive (sometimes much more sensitive) than the Coomassie 
Brilliant Blue (CBB) stain typically used for protein detec- 
tion in -large" protein samples, they are generally more vari- 
able, more labor-intensive and, in the case of radiographic 
methods, may generate highly "noisy" images, due to the 
properties of the films used. By contrast, large protein sam- 

S l !n?v 1 ?Tf a «! ybc P rc P ared from * iv « using urea/Nonidet 
P-40 (NP-40) solubilization and stained with CBB, which 
has the advantage of being easily reproducible [8J. Finally 
there remains the question of the truthfulness" of many in 
vino systems as compared to their in vivo analogs; h w 
great are the changes caused by the introduction into a cul- 
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ture and the associated shift to strong selection for growth, 
and how do these affect experimental outcomes? Hence 
the apparent advantages of in vitro systems, in terms of ex- 
perimental manipulation, may be counterbalanced by 
other factors relating to 2-D data quality. 

There is a second important class of reasons for exploring 
the use of an in vivo biological system such as the liver. His- 
torically there have been two broad approaches to the me- 
chanistic dissection of biochemical processes in intact cel- 
lular systems: genetics (a search for informative mutants) 
and the use of chemical agents (drugs and chemical toxins). 
Both approaches help us to understand complex systems 
by disrupting some specific functional element and show- 
ing us the result. With the development of techniques for 
genetic manipulation and cloning, the genetic approach 
can be effectively applied either hi vitro or in v/vo, although 
the in vitro route is usually quicker. The chemical approach 
can also be applied to either sort of biological system; here, 
however, the bulk of consistently acquired information is 
in experimental animals (rats and mice). While most biolo- 
gists knowa short list of compounds having specific, experi- 
mentally useful effects (e.g., inhibitors of protein synthesis, 
ionophores, polymerase inhibitors, channel blockers, nu- 
cleotide analogs, and compounds affecting polymerization 
of cytoskeletal proteins), there is a much larger number of 
interesting chemically-induced effects, most of them char- 
acterized by toxicologists and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, it is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions w uld reveal the complete biochemistry of the cell. 
While organized drug discovery efforts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects. It is there- 
fore reasonable to suppose that the required broad range of 
compounds necessary to achieve -biochemical saturation" 
may be forthcoming; in fact, it may already exist among the 
hundreds of thousands of compounds that failed to qualify 
as drugs. 

Among organs, the liver is an obvious choice for the study 
of chemical effects because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (e\g. 
PD» but it is a complicated mixture of cell types requiring 
skillful dissection for most experiments. The kidney, while 
quite responsive, also presents a potentially confounding 
mixture of cell types. The liver, by contrast, is made up of 
one predominant cell type which is easy to solubilize: the 
hepatocyte, representing more than 95% of its mass. Most 
importantly, the liver performs many homeostatic func- 
tions that require rapid modulation of gene expression.lt 
appears that most chemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
earlier work with lymphocytes, for example, which seem to 
be much less responsive. Such results conform to the expec- 
tation that cells with a homeostatic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the action of a limited number of spe- 
cific genes. 

The liver also allows the parallels betwe n in vitro and in 
vivo systems to be examin d in detail. Significant progress 



has been made in the development of mouse, rat and hu- 
man hepatocyte culture systems, as well as in precision-cut 
tissue slices. Using such an array of techniques, it is posst* 1 
ble to assemble a matrix of mammalian systems including - 
mouse and rat in vivo on one level and mouse, rat and hu- 
man in vitro on a second level, and to compare effects be* 
tween species and between systems. This approach allows 
us to draw informed conclusions regarding the biochemical 
Universality" of biological responses among the mammals, 
and to offer some insight into the validity of in vitro ap- 
proaches for toxicological screening. We believe this data 
will be necessary if in vitro alternatives are to achieve wide 
usage in government-mandated safety testing of drugs, con- 
sumer products and industrial and agricultural chemicals. 

A number of interesting studies have been published using 
2-D mapping to examine effects in the rodent liver. A num- 
ber of investigarors have made use of the technique to 
screen for existing genetic variants [8—1 1] or induced muta- 
tions [12— 14], mainly in the mouse. This work builds on the 
wealth of genetic information available on the mouse and 
its established position as a mammalian mutation-detec- 
tion system. While some studies of chemical effects have 
been undertaken in the mouse [15-17], most have used the 
rat [18— 23].The examination of the cytochrome p-450 sys- 
tem, in particular, has been carried out almost exclusively 
on the rat [24, 25]. 

These considerations lead us to conclude that rodent liver 
offers the best opportunity to systematically examine an 
array of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian gene control. 
The basic underlying foundation of such a project is a reli- 
able, reproducible master 2-D pattern of liver, to which on- 
going experimental results can be referred. In this paper, we 
report such a master pattern for the acidic and neutral pro- 
teins of rat liver (pattern F344MST3).ln future, this master 
will be supplemented by maps of basic proteins, and analog- 
ous maps of mouse and human liver. 



2 Materials and methods 
2.1 Sample preparation 

Liver is an ideal sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical; a 
delay of 5-15 min appears to cause no major alteration in 
liver protein composition if the liver pieces are kept cold 
{e.g. y on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenizer 
(e.g., 15 mL Wheaton); 8 volumes of solubilizing solution* 

* The solubiiizing solution is composed of 2% NP-40 (Sigma), 9 M uftt 
(analytical grade, e.g.. BDH or Bio-Rad), 05% dithiothreitol (DTT; 
Sigma) and 2 % carrier ampholytes (pH 9-11 LKB: ihese come a* a 20% 
stock solution, so 2 % final concentration is achieved by miking the final 
solution 10% 9-11 Ampholine by volume). A Urge batch ofsolubilixe* 
(several hundred mL) is made and stored frozen at -80 *C in aliquot* 
sufficient to provide enough for one day's estimated sample prepara- 
tion requirement. The solution is never allowed to become wanner 
than room temperature at any stage during preparation or thawing for 
use. since healing of concentrated urea solutions can produce coouoi- 
nanis that covalenUy modify proteins producing a ni factual charge 
shifts. Once thawed, any unused sol ub Hue r is discarded. 



is added (i.e., 4 mL per 0 J g tissue) end the maiurc is ho- 
mogenized using first the loose- and then then the light-fit. 
ling glass pestle. This takes approximately 5 strokes with 
each pestle and is carried out at room temperature because 
urea would crystallize out in the cold. Once the liver sample 
is thoroughly homogenized in the solubilizer t ii is assumed 
that all the proteins are denatured (by the chaotropic effect 
of the urea and NP-40 detergent) and the enzvmes inacti- 
vated by the high pH (-9.5). Therefore these samples may 
be kept at room temperature until they can be centrifuged 
or frozen as a group (within several hours of preparation) 
The samples are centrifuged for 6 X 1 0* g min (e.g 500 000 
X g for 12 min using a Beckman TL-300 centrifuge) The 
centrifuge rotor is maintained at jusi below rocm lempera- 
ture (e.g., 15-20 e C), but not too cold, so as to prevent the 
precipitation of urea. The centrifuge of choice is a Beckman 
TL-100 because of the sample tube sizes av £ ij £ ble but anv 
ultracentrifuge accepting smallish tubes wijj suffice. When 
an appropriate centrifuge is not available near the site of 
sample preparation, samples can be frozen at -S0°C and 
thawed prior to centrifugation and collection of supema- 
tants. Each supernatant is carefully removed following cen- 
trifugation and aliquoted into at least 4 clean tubes for stor- 
age. This is done by transferring aJJ the supernatant to "one 
clean tube, mixing this gently (to assure homogeneous 
composition) and then dividing it into 4 aliquot*. The aJi- 
qu ts are frozen immediately at -S0°C. These multiple ali- 
quots can provide insurance against a failed run or a freezer 
breakdown. 
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cirectly (as extruded) onto the slab gels without eauiUbrm. 
noo and Jcld in place by polyeste? fabric wedge's ?^ 
gies produced by LSB) to avoid the use of ho? agi^T 
Second-dimensional slab gels are run overnight, in Soum 
o 20, an cooled DA1T tanks (10-Q with buffc? ciSS? 
All run parameters, reagent source and lot information, 
and notations of deviation from expected results are en£ 
red by the technician responsible on a detailed, multi-pase 
record of the experiment ^ 

23 Staining 



22 Two-dimensional electrophoresis 

Sample proteins are resolved by 2-D electrophoresis usin£ 
the 20 X 25 cm lso-Dalt« 2-D gel system (126-291 pro- 
duced by LSB and by Hoefer Scientific Instruments, San 
Francisco) operating with 20 gels per batch. All first-dimen- 
sional isoelectric focusing (IEF) gels are prepared using the 
»»« ^e.^ardized batch of carrier ampholvtes 
(BDH 4-8A in the present case, selected by LSB's batch- 
testing program for rat and mouse database work**) A 10 
nL sample of solubib'zed liver protein is applied to each gel 
and the gels are run for 33 000 to 34 500 volt-hours using a 
progressively increasing voltage protocol implemented by 
a programmable high-voltage power supply. An Ange- 
lique* computer-controlled gradient-casting system (pro- 
duced by LSB) is used to prepare second-dimensional sod- 
ium dodecyl sulfate (SDS) polyacrylamide gradient slab 
gels in which the top 5 % of the gel is 1 1 %T acrviamide and 
the lower 95% of the gel varies linearly from I'l % to 18 %T. 

This system has recently been modified so as to employ a 
commercially available 30.8%T acrylamide/^A"-methyle- 
nebisacrylamide prepared solution (thus avoiding the han- 
dling of the solid acrylamide monomer) and three addi- 
tional stock solutions: buffer (made from Sigma pre-set 
Tns), persulfate and A^^A-.Ar-tctramethylethylenedi. 
amine (TEMED). Each, gel is identified by a computer- 
printed filter paper label polymerized into the lower left cor- 
ner of the gel. First-dimensional IEF tube gels are loaded 

" This material (succeeding certified batches of which are available from 
Hoefer Scientific Instruments) has the most linear pH gradient pro- 
duced by any ampholyte tested except for the Pharmacia wide ranee 
(which has an unacceptable tendency to bind high-molecular weiaht 
acidic proteins, causing them to streak). 



Following SDS-eleetrophoresis, slab gels are stained for 
protein using a colloidal Coomassie Blue G-250 procedure 
in covered plastic boxes with 10 gels (totalling approxima- 

5 V f&'V,^™ procedu " (based on the work 
of Neuhoff [30,31]) involves fixation in 1.5 L of 50% etha- 
nol and 2% phosphoric acid for 2h, three 30 min washes, 
each i in 2 L of cold tap water, and transfer to liL of 34% 
S e, Hf n r° 17% ™° nium s«lf«e and 2 % phosphoric add 
for 1 h, followed by the addition of a gram of powdered Coo- 
massie Blue G-250 stain. Staining requires approximately* 
cays to reach equilibrium intensity, whereupon gels are 
transferred to cool tap water and their surfaces rinsed to re 
move any paniculate stain prior to scanning. Gels may be 
kept for several months in water with added sodium azide 
The water washes remove ethanol that would dissolve the 
stain (and render the system noncolloidal, with high back- 
grounds). The concentrated ammonium sulfate and meth- 
anol solution is diluted by equilibration with the water voT 
ume of the gels to automatically achieve the correct final 
concentrations for colloidal staining. Practical advantages 
of this staining approach can be summarized as follows: (i) 
the low, flat background makes computer evaluation of 

5S .? ot V max 0D < ,^ 2) possiblc « «p ecia »y 3» 

u nj ; laser densitometry; (ii) up to 1500 spots can be reli- 
ably detected on many gels (e.g., rat liver) at loadings low 
enough to preserve excellent resolution; and (iii) reprodu- 
cibility appears to be very good: at least several hundred 
spots have coefficients of reproducibility less than 15%. 
This value .s at least as good as previous CBB methods, and 
significantly better than many silver stain systems. 

2.4 Positional standardization 

3?PiS « am J la H ed „ r -f, bbit muSClc Creatinc Phosphokinase 
£2r\ ? d " d ? [32] are P urchased from Pharmacia and 
BDH. Amino acid compositions, and numbers of residues 
present m proteins used for internal standardization are 
taken from the Protein Identification Resource (PIIO se- 
quence database [33]. 



2.5 Computer analysis 

Stained slab gels are digitized in red light at 134 micron re- 
solution, using either a Molecular Dynamics laser scanner 
(with pixel sampling) or an Eik nix 78/99 CCD scanner 
Raw digitized gel images are archived on high-density DAT 
tape (or equivalent storage media) and a greyscale video- 
print prepared from the raw digital image as hard-copy 
backup of the gel image. Gels are processed using the Ken- 
ler* software system (produced by LSB), a commercially 
available workstation-based software package built n 
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some of the principles of the earlier TYCHO system [34- 
41]. Procedure PROC008 is used to yield £ spotlist giving 
positi n t shape and density information for each detected 
spot. This procedure makes use of digital filtering, mathe- 
matical morphology techniques and digital masking to re- 
move the background, and uses full 2-D least-squares opti- 
mization to refine the parameters of a 2-D Gaussian shape 
for each spot. Processing parameters and file locations are 
stored in a relational database, while various log files detail- 
ing operation of ihe automatic analysis software are ar- 
chived with the reduced data.The computed resolution and 
level of Gaussian convergence of each gel are inspected 
and archived for quality control purposes. 

Experiment packages are constructed using the Kepler ex- 
periment definition database to assemble groups of 2-D 
patterns corresponding to the experimental groups (e.g., 
treated and control animals). Each 2-D pattern is matched 
to the appropriate "master" 2-D pattern (pattern 
F344MST3 in the case of Fischer 344 rat liver), thereby 
providing linkage to the existing rodent protein 2-D data- 
bases. The software allows experiments containing hun- 
dreds of gels to be constructed and analyzed as a unit, with 
up to 100 gels displayed on the screen at one time for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gels. For each treatment, proteins 
showing significant quantitative differences vs. appropriate 
contr Is are selected using group-wise statistical parame- 
ters (e.g., Student's t-test, Kepler* procedure STUDENT). 
Proteins satisfying various quantitative criteria (such as P< 
0.001 difference from appropriate controls) are repre- 
sented as highlighted spots onscreen or on computer-plot- 
ted protein maps and stored as spot populations (/.*., logi- 
cal vectors) in a liver protein database. Quantitative data 
(spot parameters, statistical or other computed values) are 
stored as real- valued vectors in the database. Analysis of co- 
regulation is performed using a Pierson product-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinately regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein map,and reported together with the statis- 
tical criteria used to assess the level of coregulation. Multi- 
variate statistical analysis (e.g., principal components 1 ana- 
lysis) is performed on data exported to SAS (SAS Institute). 

2.6 Graphical data output 

Graphical results are prepared in GKS and translated 
within Kepler* into output for any of a variety of devices. 
Linedrawing output is typically prepared as Postscript and 
printed on an Apple LaserWriter. Detailed maps presented 
here have been generated using an ultra-high-resolution 
Postscript-compatible Linotronic output device. Greyscale 
graphics are reproduced from the workstation screen using 
a Seikosba videoprinter. Patterns are shown in the standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left 

2.7 Experiment LSBC04 

In the study described here 12-week-oJd Charles River 
male F344 rats were used. Diets were prepared at LSB, 
bas d on a Purina 5755M Basal Purified Diet. Lovastatin 
and cholestyramine were obtained as prescription pharma- 



ceuticals, ground and mixed with the diet at concentrations 
of 0.075% and 1%, respectively. The high cholester 1 diet 
was Purina 580IM-A (5% cholesterol plus l%sodium ebb- 
late in the control diet). Animal work was carried out by Ml* 
etiological Associates (Bethesda, MD). Animals were ac- 
climatized for one week on the control diet, fed test or con- 
trol diets for one week, and sacrificed on day 8. Average 
daily doses of lovastatin and cholestyramine in appropriate 
groups were 37 mg/kg/day and 5 g/kg/day, respectively, 
based on the weight of the food consumed. Liver samples 
were collected and prepared for 2-D electrophoresis accord- 
ing to the standard liver protocol (homogenization in 8 
volumes of 9 m urea, 2% NP-40, 0.5% dithiothreitoi, 2% 
LKB pH 9-11 carrier ampholytes, followed by centrifuga- 
tion for 30 min at 80000 X g). Kidney, brain and plasma 
samples were frozen. Gels were run as described above, 
and the data was analyzed using the Kepler* system. Gels 
were scaled, to remove the effect of differences in protein 
loading, by setting the summed abundances ofa large num- 
ber of matched spots equal for each gel (linear scaling). 



3 Results and discussion 

3.1 The rat liver protein 2-D map 

F344MST3 is a standard 2-D pattern of rat liver proteins, 
based on the Fischer 344 strain. This pattern was initiated 
from a single 2-D gel and extensively edited in an experi- 
ment comparing it to a range of protein loads, so as to in- 
clude both small spots and well-resolved representations of 
high-abundance spots. More than 700 rat liver 2-D patterns 
have been matched to F344MST3 in a series of drug effects 
and protein characterization experiments, and numerous 
new spots (induced by specific drugs, for instance) have 
been added as a result. A modified version including addi- 
tional spots present in the Sprague-Dawley outbred rat has 
also been developed (data not shown). Figure 1 shows a 
greyscale representation and Fig. 2 a schematic plot of the 
master pattern. More than 1200 spots are included, most of 
which are visible on typical gels loaded with 10 uLof solubt- 
lized liver protein prepared by the standard method and 
stained with colloidal Coomassie Blue. Master spot num- 
bers (MSN's) have been assigned to all proteins, and ap- 
pear in the following figures, each showing one quadrant of 
the pattern. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrant, Fig. 4 the upper right (basic, 
high molecular mass) quadrant, Fig. 5 the lower left (acidic, 
low molecular mass) quadrant, and Fig. 6 the lower right 
(basic, low molecular mass) quadrant. The quadrants over- 
lap as an aid to moving between them. The gel position (in 
100 micron units), isoelectric point (relative to the CPK in- 
ternal p7standards) and SDS molecularmass (from thecaii- 
bration curve in Fig. 8) are listed for each spot (Table 1). Be- 
cause of the precision of the CPK-p7 values, these parame- 
ters can be used to relate spot locations between gel sys- 
tems more reliably than using p/ measurements expressed 
as pH. A major objective of current studies is the identifica- 
tion of all major spots corresponding to known liver pro- 
teins, as well as rig rous definitions of subcellular orga- 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse liver 
maps, allowing detailed comparisons of gene expression ef- 
fects in the two systems. The results of these studies will be 
presented systematically in a later edition of this database. 
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but we include here a useful series of 22 orienting identifi- 
cations as an aid to other users of the rat liver pattern (Table 
2). 
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^coordinate, * is511.83,*isHtf731 and cis33183801 Hie 
resulting fit appears to be fairly good over a broad ranae of 
molecular mass. 



3 2 Carbamylated charge standards, computed p/s and 
molecular mass standardization 

We have previously shown that the use of e svstem of close- 
ly-spaced internal p/ markers (made by carbamvlaung" a 
basic protein) offers an accurate and workable solution to 
the problem of assigning positions in the p/ dimension [32). 
The same system, based on 36 protein species made by car- 
bamylating rabbit muscle CPK, has been used here to as- 
sign pfs to most rat liver acidic and neutral proteins. The 
standards were coelectrophoresed with total liver proteins, 
and the standard spots added to a special version of the 
master pattern F344MST3. The gel ^-coordinates of all 
liver protein spots lying within the CPK charge train were 
then transformed into CPK p/ positions by interpolation 
between the positions of immediately adjacent standards 
(Table 1) using a Kepler* vector procedure. 

It has proven possible to compute fairly accurate pi values 
for many proteins from the amino acid composition [421 
We have attempted here to test a further elaboration of this 
approach, in which we computed pfs for the CPK standards 
themselves, based on our knowledge of the rabbit muscle 
CPK sequence and the fact that adjacent members of the 
charge train typically differ by blockage of one additional ly- 
sine residue (Table 3). We compared these values to similar 
computed pfs for an additional set of carbamvlated stand- 
ards made from human hemoglobin beia chains and a se- 
ries of rat liver and human plasma proteins of known posi- 
tion and sequence (Fig. 7,Table 4).The result demonstrates 
good concordance between these systems. Two proteins 
show significant deviations: liver fatty-acid binding protein 
(FABP; #1 in Table 4) and protein disulphide isomerase 
(*20 in the table). The FABP spot present on F344MST3 
may represent a charge-modified version of a more basic 
parent spot closer to the expected p/ f not resolved in the 
IEF/SDS gel. Of particular importance is the fact that, by 
comparing computed p/'s of sequenced but unlocated pro- 
teins with the CPK p/s, we can assign a probable gel loca- 
tion without making any assumptions regarding the actual 
gel pH gradient. This ofTers a useful shortcut, given the va- 
garies of pH measurement on small diameter 1EF gels. We 
have used this approach to compute the CPK pfs of all rat 
and mouse proteins in the P1R sequence database, as an aid 
to protein identification (data not shown). 

In order to standardize SDS molecular weight (SDS-MW), 
we have used a standard curve fitted to a series of identified 
proteins (Fig. 8). Rather than using molecular mass perse 
we have elected to use the number of amino acids in the 
polypeptide chain, as perhaps a better indication of the 
length f the SDS-coated rod that is sieved by the second 
dimension slab. The resulting values were multiplied by 
312 (the weighted average mass of amino acids in se- 
quenced proteins) to give predicted molecular masses. Be- 
cause we use gradient slabs, we have not constrained the fit- 
ted curve to conform to any predetermined model; rather 
we tried many equations and selected the best using the 
program "Tablecurve'on a PC. The equation chosen wasy 
=fl+*x+c/r,whereyisthenuroberofresidues,xisthe gel 



33 An example of rat liver gene regulation: Cholesterol 

metabolism 

Experiment LSBC04 was designed as a small-scale test of 
the regulation of cholesterol metabolism in vivo by three 
agents included in the diet: lovastatin (Mevacor* an inhibi- 
tor of HMG-CoA reductase); cholestyramine (a biie acid 
seeuestrant that has the effect of removing cholesterol 
From the gut-liver recirculation); and cholesterol itself The 
first two agents should lower available cholesterol and the 
third should raise it, allowing manipulation of relevant 
gene expression control systems in both directions. Such 
an experiment ofTers an interesting test of the 2-D mapping 
system since most of the pathway enzymes are present in 
low abundance, many are membrane-bound and difficult 
to solubihze, and the pathway itself is complex. Approxima- 
tely 1000 proteins were separated and detected in liver ho- 
mogenates. Twenty-one proteins were found to be affected 
by at least one treatment, and these could be divided into 
several coregulated groups. 

3.3.1 MSN 413 (putative cytosolic HMG-CoA svuthase) 
and sets of spots regulated coordinate!? or'inversely 

0l ? C t r w£ °I s P ols (deluding a spot assigned to the cyto- 
solic HMG-CoAsymhase,MSN413)showed the expected 
increase in abundance with lovastatin or cholestyramine 
the synergistic further increase with lovastatin and choles- 
tyramine, and a dramatic decrease with the high cholesterol 
diet. Spot number 413 is the most strongly regulated pro- 
tein in the present experiment, showing a 5- to 10-fold in- 
duction after a 1 week treatment with 0.075 % lovastatin and 
1 % cholestyramine in the diet (Figs. 9 and 10). Its expres- 
sion follows precisely the expectation for an enzyme whose 
abundance is controlled by the cholesterol level- it is pro- 
gressively increased from the control levels by cholestyra- 
mine, lovastatin and lovastatin plus cholestyramine and it 
sinks below the threshold of detection in animals fed the 
high cholesterol diet. This spot has been tentatively identi- 
fied as the cytosolic HMG-CoA synthase, based on a reac- 
tion with an antiserum to that protein provided by Dr Mi- 
chael Greenspan at Merck Sharp &Dohme Research Labo- 
ratories. This enzyme lies immediately before HMG-CoA 
reductase in the liver cholesterol biosynthesis pathway and 
is known to be co-regulated with it. Spot 413 has an SDS 
molecular weight of about 54 000 and a CPK p/ of -11.4, in 
reasonably close agreement with a molecular weight* of 
57300 and a CPK p/ of -15. 7 computed from the known se- 
quence of the hamster enzyme [43]. 

Using a classical product-moment correlation test (Kepler 
procedure CORREL), a series of five additional sp ts was 
found to be coregulated with 413. The level of correlation 
was exceedingly high (> 95%).Tw 0 of these, 1250 and 933 
are at similar m lecular weights and approximately one* 
charge more acidic than 413 (Fig. 9), indicating that they 
may be covalently modified forms of the 413 polypeptide 
This suspicion is strengthened by the observati n that b th 
spots are also stained by the antibody to cytosolic HMG- 
CoA synthase.Tbe remaining three correlated spots appear 
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to comprise an additional related pair (1253 and 1001) of 
around 40 kDa and a single spot (1119) f around 28 kDa. 
Because these two presumed proteins are present at sub- 
stantially lower abundances than 4 13, and because the cyt o- 
solic HMG-CoA synthase is reponed to consist of only one 
type of polypeptide, they are likely to represent other, very 
tightly coregulated enzymes. A second group of six spots 
was selected based on a regulatory pattern close to the in- 
verse of that for spot 413 (MSN's 34,79, 178, 182,204,347; 
data not shown). For these proteins, the lowest level of ex- 
pression occurs with exposure to lovgstatin plus cholestyra- 
mine and the highest level upon exposure to the high-cho- 
lesterol diet. Spots 182 and 79 are highly correlated and lie 
about one charge apart at the same molecular weight; they 
may thus be isoforms of a single protein. The other four 
spots probably represent additional enzymes or subunits. 

3 J 2 MSN 235 and coregulated spots 

A third group of five spots, mainly comprised of mitochon- 
drial proteins including putative mitochondria] HMG- 
CoA synthase spots, showed a modest induction by lovasta- 
tin alone, but little or no effect with "any of the other treat- 
ments (including the combination of lovastatin and choles- 
tyramine; Fig. 12). This result is intriguing because lovasta- 
tin was expected to affect only the regulation of enzymes of 
cholesterol synthesis, which is entirely extra- mitochon- 
drial. Three of the spots (235, 134, 144) form a closely- 
packed triad at approximately 30 kDa, and are likely to re- 
present isoforms of one protein. All three spots are stained 
by an antibody to the mitochondrial form of HMG-CoA 
synthase obtained from Dr. Greenspan. Subcellular fractio- 
nation indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at about 69 kDa) are 
each present at lower abundance than the members of the 
triad. 

3J-3 As example of an anti-synergistic effect 

A sixth spot (367) shows strong induction by lovastatin 
(two- to threefold), and about half as much induction with 
lovastatin plus cholestyramine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig. 13). 
This protein is also mitochondrial, and represents the clear- 
est example of an anti-synergistic effect of lovastatin and 
cholestyramine. The existence of such an effect demon- 
strates that lovastatin and cholestyramine do not act exclu- 
sively through the same regulatory pathway. 

33.4 Complexity of the cholesterol synthesis pathway 

Taken together, these results suggest that treatment with lo- 
vastatin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA, while cholestyramine, on the 
other band, either alone or in combination with lovastatin, 
produces a strong effect on the putative cytosolic pathway, 
but little or no effect on the putative mitochondrial path- 
way. An explanation for this difference may lie in lovasta- 
tin's effect on levels of HMG-C A and related precursor 
compounds that are exchanged between the cytosol and 
the mitochondrion, whereas cholestyramine should afreet 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels. It remains to be explained why some 



proteins of the putative mitochondrial pathway art so 
much more variable in their expression in all groups. An ex* 
animation of all the coregulated groups suggests that quan- 
titative statistical techniques can extract a wealth of inter- 
esting information from large sets of reproducible gels. The 
abundance of spots in the 4 13 coregulationgroup.for exam- 
ple, shows an amazing level of concordance in their relative 
expression among the five individuals of the lovastatin and 
cholestyramine treatment group. This effect is not due to 
differences in total protein loading, since they have already 
been removed by scaling, and since proteins with quite dif- 
ferent regulation patterns can be demonstrated (e.g.. Fig. 
33).Such effects raise the possibility that many gene coregu- 
lation sets may be revealed through the study of a suffi- 
ciently large population of control animals (Lc. t without 
any experimental manipulation). This approach, exploiting 
natural biological variation in protein expression instead of 
drug effects, offers an important incentive for the construc- 
tion of a large library of control animal patterns. 



4 Conclusions 

Because of the widespread use of rat liver in both basic bio- 
chemistry and in toxicology, there is a long-term need for a 
comprehensive database of liver proteins. The rat liver mas- 
ter pattern presented here has proven to be an accurate re- 
presentation of this system, having been matched to more 
than 700 gels to date. As the number of proteins identified 
and the number of compounds tested for gene expression 
effects grows, we expect this database to contribute valu- 
able insights into gene regulation. Its practical utility in sev- 
eral areas of mechanistic toxicology is already being de- 
monstrated. 

Received September 11, 1991 
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6 Addendum I: Figures 1-13 
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Gel Y Coordinate 
figure 8. Plot of number of amino acids versus gel X-position,wiih fitted 
curve used to predict molecular nuss of unidentified proteins. 
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4 figure Z (a) Plot of computed isoelectric point versus gel * position for 
two sets of carbamylated standard proteins (rabbit muscJe CPK M and 
human ihemogJobin p^ain. filled diamonds) and several other pro teins 
(shaded squares), (b) .The identities of the various proteins represent 
by the squares are indicated by the numbers in corresponding posiUons 
on (a); these refer to Table 4. ^ M 




figure 9. Montage showing effects in the 
region ofMSN:413.The montage show* a 
small window into one portion of the 2-D 
pattern, one row of windows for each expe- 
rimental group, and one panel for each gel 
in the experiment. The left-most pattern 
in each row is a group-specific copy of the 
master pattern followed by the patterns 
for the five individual rats in the group. 
The highlighted protein spots (filled circ- 
les) are spot 413 (on the right of each pan- 
el; identified as cytosolic HMC-CoA syn- 
thase) and two modified forms of It (1250 
and 933). From the top, the rows (expert- 
mental groups) are: high cholesterol, con- 
trols, cholestyramine, lovastatin, and love* 
statin plus cholestyramine. 
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Figure JO. Bargraph showing the quantita- 
tive effects of various treatments on the 
abundance ofMSN:413 (cyiosolic HMG- 
CoA synthase) in (he eels of Fig. 9. 




Figure J J. Bargraphs or a series of six core- 
gulated spots including MSN:413. In the 
bargraphs. the abundances of the appro- 
priate spot (master spot number shown at 
the top or the panel) in each animal are 
shown. The five five-animal groups are in 
the order (left to right): high cholesterol, 
controls, cholestyramine, lovastatin, and 
lovastatin plus cholestyramine. Each bar 
within a group represents one experimen- 
tal animal liver (one 2-D gel). Note the cor* 
related expression of the 6 spou, espe- 
cially in the two far right (most strongly in- 



duced) groups. 
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Figure IS. Data on spot MSN:367, presented as in Fig. 11. This protein 
shows unambiguously the anti-sync rgistic efTect of lovastatin and choles- 
tyramine (fifth group) as compared to lovastatio (fourth group) This res- 
ponse contrasts strongly with the regulation pattern seen in Fif. II. 



7 Addendum 2: Tables 1-4 

Table 1. Mister table of proteins to the rat liver database" 
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3 
5 
• 

11 

15 

17 

18 

19 

20 

21 

22 

23 

24 

25 

27 

28 

29 

30 



35 
38 
38 
39 
41 
42 
43 
44 
46 

47 1391 

48 309 



311 


434 


568 


263 


812 


426 


549 


' 268 


845 


520 


629 


569 


906 


414 


755 


298 


649 


403 


1204 


448 


332 


434 


787 


424 


313 


417 


807 


516 


1184 


524 


1263 


446 


743 


605 


766 


112 


1216 


417 


1145 


445 


1037 


555 


863 


412 


712 


606 


763 


694 


304 


470 


1165 


569 


684 


607 



1316 
1924 
1203 



362 
586 
447 
454 



49 


605 


587 


50 


621 


535 


51 


1113 


522 


52 


1820 


499 


53 


725 


177 


54 


2001 


500 


55 


722 


630 


56 


678 


533 


57 


1682 


302 


56 


1091 


580 


59 


1171 


585 


60 


1400 


624 


61 


1653 


508 


62 


1686 


567 


65 


735 


297 


66 


1263 


312 


67 


1252 


407 


66 


779 


662 


69 


1064 


296 


71 


656 


589 


72 


638 


545 


73 


1562 


583 


74 


1570 


556 


75 


1264 


621 


76 


1338 


564 


77 


1833 


363 


78 


1767 


565 


79 


925 


738 


80 


534 


698 


81 


1611 


363 


82 


1412 


661 


63 


1471 


347 


84 


1662 


563 


85 


1596 


479 


86 


1817 


301 


87 


516 


1371 



«-35.0 
-244 
-16.0 
•25.2 
-154 
-21.6 
•14.0 
-17.5 
-20.9 
•8.7 
<-3S.O 
-16.6 
<-35.0 
-16.1 
•9.0 
-4.0 
-17.8 
-17.2 
-8.6 
-9.5 
-11.3 
-14.9 
•18.7 
-17 J 
c-35.0 
•9.2 
-19.6 
-7.3 
-0.1 
-8.7 
-64 
<-35.0 
-224 
-21.8 
-10.C 
-0.9 
-18 J 
>0.0 
•18.4 
-19.6 
-2.5 
-104 
-0.2 
-6.2 
-0.6 
-0.4 
-18.1 
4.0 
•8.1 
-16.8 
-104 
-20.6 
-21.2 
-3.6 
•34 
•6.0 
-7.0 
-0.8 
•13 
-13.6 
-26.1 
-1.0 
•6.0 
-5.0 
-2.7 
■3.4 



89 
90 
91 



1569 
1706 
651 
1415 



92 1773 

93 1336 



696 
719 
329 
710 
545 
446 



94 1706 696 



•0.9 
-27.0 
-3.5 
-2.2 
•20.6 
•6.0 
-1.4 
-7.0 
-24 



63,600 
102.900 
64.800 
101.000 
55400 
50,000 
66,300 
90.200 
67 v 900 
62.100 
63.000 
65.000 
66.000 
55.500 
54.900 
62.400 
49.000 
346.600 
66.000 
62.500 
52.400 
66.600 
46,900 
43.800 
59,800 
51.400 
46.800 
50.000 
74.600 
50.200 
62.300 
61.500 
50.100 
53.900 
55.000 
57.000 
170.800 
56.900 
37.300 
54,100 
89,000 
50.600 
50.300 
47.800 
56.200 
51.500 
90.500 
85.900 
67,300 
43.900 
90.800 
50.000 
53.100 
50,400 
55.300 
48.000 
51.800 
74.400 
51.700 
41,600 
43.600 
74.500 
44.500 
77.500 
51, BOO 
56.900 
89.100 
17.400 
43.600 
42.500 
81,700 
43.000 
53.200 
62,300 
43.700 



95 1119 

96 1731 

97 1033 
96 1406 

578 



100 2004 

101 1106 



102 
103 
104 
105 



462 

665 
773 
312 



106 1769 

107 1565 
106 1692 
109 1462 



110 
111 



778 
1728 



113 1191 

114 1298 

115 662 

116 1146 

117 1S48 

118 1050 

120 1530 

121 638 

122 1572 

123 23 

124 621 

125 1298 

126 872 

127 1000 

128 1229 

129 1422 

130 1776 



131 
132 
133 



1030 
660 
666 



134 1271 

135 1161 

136 453 

137 1658 

138 1504 

139 1488 

140 1689 

141 311 

142 1366 

143 1429 

144 615 

145 2006 

146 2006 

147 1070 

148 1347 

149 541 

150 1645 

151 1269 

152 1507 

153 1722 

154 932 

155 1031 

156 1970 

157 1256 

158 1275 

159 1663 

160 1034 

161 1953 

162 1020 
164 1566 

166 1905 

167 1340 

168 1506 

169 1338 



170 
171 
172 
173 



1969 
800 
476 
919 



536 
756 
566 
565 
1149 
538 
623 
455 
630 
1182 
1117 
509 
720 
807 
593 
516 
700 
680 
185 
907 
610 
849 
577 
628 
423 
712 
1433 
1474 
862 
921 
717 
311 
832 
499 
757 
537 
1019 
862 
1389 
1063 
823 
697 
707 
756 
1417 « 
915 
346 
1017 
566 
518 
1108 
578 
1481 
760 
236 
911 
448 
503 
294 
684 
183 
417 
620 
527 
771 
1482 
806 
565 
181 
583 
678 
541 
378 
958 
1314 



-94 

-2.0 
-11.4 
•6.1 
-234 
>0.0 
-10.1 
•28.5 
-20.2 
•17.0 
<-35.0 
-1.5 
•3.6 
-2.4 
•4.8 
•16.9 
-2.0 
•8.9 
•7.5 
•19.6 
-9.5 
-4.1 
-11.1 
-4.3 
-15.4 
-3.6 
«-35.0 
-21.9 
-7.5 
•14.7 
•12.0 
-8.4 
-5.8 
-1.4 
-0.1 
-20.4 
-20.2 
-7.9 
-9.3 
-29.7 
-0.6 
-4.6 
-4.8 
-2.4 
«-35.0 
-6.7 
-5.7 
-22.1 
>0.0 
>0.0 
-10.7 
-6.9 
-25.7 
•2.8 
•7.9 
-4.5 
-2.1 
-13.5 
-11.4 
>0.0 
-8.1 
-7.8 
-2.6 
•11.4 
>0.0 
•11.6 
•3.8 
-0.2 
-7.0 
-4.6 
-7.0 
>0.0 
■16 J 
28.7 
13.7 



53.800 
40.700 
51.600 
51.700 
25.000 
53.700 
47.900 
61,300 
37,300 
23.800 
26.100 
56,100 
42300 
38.300 
49.700 
55.500 
43,500 
44.500 
160.800 
34,100 
48.700 
36.500 
50,800 
37,400 
65,200 
42.900 
15.30C 
13,900 
36.00C 
33,50C 
42.600 
86.100 
37.30C 
57.000 
40,700 
53.800 
29,700 
36.000 
16,800 
26.100 
37.700 
43.70C 
43.200 
40,700 
15,800 
33.800 
77,900 
29,800 
51,600 
55.300 
26,500 
50.800 
13,700 
40,500 
117.000 
33.900 
62.100 
56,600 
91.400 
44,400 
162.400 
65.900 
37,800 
54.600 
40.000 
13,700 
38.400 
51,700 
164.900 
50.400 
44.700 
53.500 
71.600 
32.100 
19.300 
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174 
175 
177 
178 
179 
180 
181 
162 
184 
185 
186 
187 
188 
191 
192 
193 
194 
195 
196 
197 
196 
199 
200 
201 
202 
203 
204 
205 
206 
207 
206 
210 
211 
213 
214 
215 
216 
217 
216 
219 
220 
221 
223 
225 
226 
227 
228 
229 
230 
232 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 



1364 
825 
1562 
1321 
1089 
1866 
411 
804 
I860 
1997 
279 
773 
1538 
1560 
1818 
1469 
1380 
784 
1227 
667 
2006 
1711 
872 
292 
736 
786 
1224 
439 
1994 
1895 
240 
1700 
902 
1067 
1340 
1591 
1585 
1159 
931 
713 
1479 
965 
934 
1812 
821 
1586 
1065 
1577 
1456 
1440 
1692 
618 
920 
952 
1611 
1489 
501 
1620 
1357 
711 
1855 
1169 
551 
1348 
460 
1733 
1974 
808 
674 
753 
995 
1690 
994 
508 
1517 



183 
393 

553 
710 
615 
567 
295 
730 
896 
1017 
1113 
296 
807 
674 
687 
555 
266 
632 
1185 
553 
681 
674 
424 
435 
253 
829 
589 
963 
571 
687 
1416 
499 
517 
684 
668 
495 
755 
393 
572 
177 
911 
927 
716 
1045 
411 
1483 
567 
890 
496 
849 
489 
1004 
1138 
1008 
541 
720 
446 
569 
656 
1182 
621 
474 
459 
604 
448 
451 
788 
392 
553 
846 
450 
679 
1006 



820 



-6.7 
•15.7 
•34 
-7.2 

•10.4 
-0.5 
-32.1 
•164 
•0.6 
>0.0 
<-35.0 
-17.0 
-44 
-3.9 
-0.9 
-5.0 
-6.4 
-16.7 
-8.4 
-20.1 
>0.0 
-24 
-14.7 
<-35.0 
-16.0 
-16.7 
-8.5 
-30.9 
>0.0 
-0.3 
<-35.0 
-2.3 
•14.1 
-10.4 
-7.0 
-3.5 
-3.6 
-94 
-13.5 
-18.7 
•4.9 
-12.8 
-13.5 
-1.0 
-154 
•3.6 
-10.8 
•3.7 
-54 
-5.5 
-2.4 
-22.0 
-13.7 
-13.1 
•34 
-4.8 
-27.7 
-0.9 
-6.6 
-16.7 
-0.6 
•8.9 
•25.1 
•6.9 
-294 
-1.9 
>0.0 
-16.1 
-14.6 
-17.6 
-12.1 
•2.4 
-12.1 
-27.4 
-4.4 



162400 
69400 
52.600 
43,000 
48400 
51.800 
91400 
42.000 
34.500 
29400 
26.300 
90.800 
38.400 
44.900 
44400 
52.400 
101.600 
47400 
23.700 
52.600 
44.500 
44.900 
65,000 
63.700 
107.800 
37.400 
50.000 
31.100 
51.300 
44.200 
15.800 
57.000 
55.400 
44.400 
45.200 
57.300 
40,700 
69,300 
51400 
170.500 
33.900 
33.300 
42.700 
28.800 
66.800 
13.600 
51.600 
34.800 
57400 
36.500 
57.900 
30,300 
25,400 
30400 
53.500 
42.500 
62.100 
51.400 
45.800 
23.800 
48.000 
59.300 
61,000 
49.100 
62.100 
61.800 
39400 
69.500 
52.500 
36.500 
61.900 
44.600 
30400 
60.400 
37.1 



isoelectric point relative to CPK standards, and 
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250 1796 9*1 -1.1 31.900 

260 661 1361 -20.4 17.700 

261 1725 679 -2.0 44,600 

262 496 1127 -2B.0 25300 

263 1063 172 -103 177.400 

265 1390 673 -6-3 45.000 

266 510 437 -273 63.400 

267 660 1036 -20.4 29.000 
266 430 961 -31.0 31.900 

269 1044 606 -11.2 46.900 

270 2016 653 >0.0 36.300 

271 857 422 -15.0 65.200 

272 895 966 -143 31.700 

274 1292 712 -7.6 42,900 

275 1350 590 -6.9 49.900 

276 1670 1089 -2.6 27.100 

277 688 536 -19.4 53.700 

278 961 719 -13.0 42.600 

279 679 570 -14.5 51.300 

281 1646 1064 -0.7 27.300 

282 1505 525 -4.6 54.800 

283 1313 1147 -7.3 25.100 

284 1314 826 -73 37.400 

285 1332 406 -7.1 67.200 

286 1277 652 -7.6 46.100 
288 1391 824 -6.3 37,600 
286 1147 579 -9.5 50.700 

290 925 511 -13.6 55.900 

291 767 1476 -16.6 13.900 

292 1462 816 -5.1 37.800 

293 531 449 -26.3 62.000 

294 860 696 -14.9 43.600 

295 1162 609 -9.3 48.700 

296 216 814 «-35.0 36,000 

297 1377 979 -6.5 31,300 

299 913 1523 -13.9 12,400 

300 2012 667 >0.0 45,300 

301 702 178 -19.0 169,200 

302 494 1280 -28.1 20.400 

303 403 1008 -32.6 30,100 

304 1843 1585 -0.7 10,300 

305 1049 503 -11.1 49.800 

306 1606 989 -3.3 30.900 

307 1219 916 -6.5 33.700 
306 1627 7S5 -33 40,700 

309 1524 892 -4.4 34,700 

310 1769 1028 -13 26,400 

311 1606 1451 -3-3 14,700 

312 266 1406 <-3S3 16.100 

313 1902 1365 -03 17.600 

314 1316 1395 -7.3 16.600 

315 1341 523 -7.0 54.900 

316 1104 1053 -10.1 28.500 

320 1480 1459 -4.9 14,400 

321 850 603 -16.1 49100 

322 1454 1494 -5.3 13.300 

323 670 626 -20.0 47,700 

324 655 101 -20.6 420,500 

325 1521 675 -4.4 44.600 

326 1587 677 -3.6 44.700 

327 1388 409 -63 67.000 

328 448 1291 -30.0 20.100 

330 1606 751 -3.3 40.900 

331 1566 697 -3.6 43,700 

332 531 471 -26.3 59.600 

333 784 1156 -16.7 24,700 

334 1 059 407 -1 0.9 67.300 

335 1593 303 -3.5 68.500 

336 1616 596 -3.2 49,400 

338 1854 1004 -0.6 30.300 

339 1265 668 -6.0 34.900 

340 581 565 -23.6 50.300 

341 1497 1047 -4.7 28.700 

343 1351 265 -63 102.200 

344 1813 546 -0.9 52.800 
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345 1006 578 -11.8 50 800 

346 1065 640 -103 46,600 

347 625 728 -21.7 42,000 
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348 


361 


983 




349 


110 


1343 




350 


521 




9C 9 
-CO./ 


351 


612 




-133 


352 


1574 


SOU 


•3.7 


353 


1 


¥12 


•12.9 


354 




/GZ 


-18.9 






830 


-53 




■ 4/4 


1152 


-6.5 


«W/ 


AlA 
* fn 


997 


-28.7 


v30 


798 


346 


-16.3 


•J to 


764 


338 


-17.3 




1384 


1068 


-6.4 


IB i 


1713 


769 


•2.1 


362 


1161 


859 


•93 


363 


914 


1156 


-13.6 


o©4 


412 


435 


•32.0 


365 


741 


486 


•17.9 


366 


876 


1503 


-14.6 


367 


1560 


635 


-3.9 


366 


963 


520 


-12.4 


369 


434 


441 


-31.0 


370 


639 


610 


-21.2 


371 


1587 


860 


-3.6 


372 


1675 


762 


-03 


373 


1351 


1059 


-6.8 


374 


1506 


715 


-4.6 


375 


1823 


532 


-0.8 


376 


254 


417 


<-35.0 


J// 


1409 


563 


-6.1 


378 


621 


494 


-21.8 


379 


1017 


595 


•11.7 


381 


953 


596 


-13.1 


382 


856 


674 


-15.0 


383 


1252 


258 


-6.1 


384 


1699 


1516 


-2.3 


385 


1042 


493 


-11.2 


386 


1490 


563 


•4.7 


387 


1554 


603 


-4.0 


386 


1193 


404 


•6.9 


389 


1374 


902 


-6.5 


390 


1456 


969 


-5.2 


391 


718 


690 


•183 


392 


1799 


732 


-1.1 


393 


1482 


756 


-43 



413 


1033 


538 


-11.4 


416 


737 


425 


•18.0 


416 


1578 


606 


•3.7 


417 


646 


496 


•21.0 


418 


1695 


482 


-2.3 


419 


725 


770 


-18.3 


420 


1289 


1041 


-7.7 


421 


1171 


912 


•9.1 


422 


599 


162 


•22.8 


423 


929 


856 


-13.6 


424 


739 


625 


-17.9 


425 


1490 


965 


-4.7 



40.100 



395 1530 577 -4 J 



400 1473 450 -4.9 61.900 

401 1029 1140 -11.5 25 300 

403 1516 754 .4.4 40*800 

404 1495 554 -4 7 52 500 

405 1 525 1092 -4.3 27,100 

406 723 252 -18.4 106 000 

409 650 663 -20.8 45 500 

410 1501 478 -43 59 000 

411 936 1057 -13.4 28 300 

412 350 1120 -35.9 26^000 

53.700 



40.000 



31.800 



426 1296 704 -7* 43300 

810 643 -163 36300 

<» 1565 303 43 66*700 

429 1259 »47 -8.0 36300 

<30 1253 562 *.l ^300 

Ol 734 1426 -18.1 15.500 

432 483 433 28.5 63 900 

<34 518 1041 -26.9 2890O 

435 1020 1170 -11.6 24.300 

1122 196 -93 147600 

437 1870 673 -0.5 45000 

«8 435 1102 -31.0 26,700 

439 86 847 <-35.0 36 600 

440 1740 544 -13 53300 

441 599 1571 -223 10 800 
443 743 335 -173 80100 
^ 801 668 -16.2 45300 



13,000 


451 


1094 


33.000 


452 


1945 


55.200 


453 


1652 


63,000 


454 


1403 


48.700 


456 


1394 


36,100 


457 


905 


40.400 


459 


1036 


28,300 


460 


1596 


42.700 


461 


1528 


54.200 


462 


1098 


65,900 


463 


848 


50.400 


464 


1814 


57.500 


465 


1388 


49.600 


466 


1194 


49,400 


468 


577 


44,900 


469 


1140 


105.300 


470 


1797 


12.500 


471 


1293 


57.500 


472 


618 


50.400 


473 


2009 


49.100 


474 


1205 


67,700 


475 


1035 


34.300 


476 


160 


31.700 


477 


469 


44,000 


478 


599 


41.900 


479 


1009 


40.600 


480 


1216 


14,400 


482 


816 


50,800 


483 


693 


40.800 


485 


1606 


106,400 


486 


478 



-11.1 


33300 


•6.2 


19.800 


-3.7 


12300 


-03 


29.600 


-103 


63,100 


>0.0 


38.600 


-23 


34.600 


-6.1 


56.900 


-6.3 


42300 


-14.0 


63300 


-11.3 


50,500 


-3.4 


91.400 


-4.3 


35.900 


-10.2 


25,400 


-15.2 


25300 


-0.9 


27.800 


-63 


56.700 


-83 


27300 


•23.9 


60.100 


-93 


34,900 


-1.1 


54.800 


-7.6 


25.500 


-21 .9 


46.000 


>0.0 


89.900 


-8.7 


131,300 


-11.4 


39300 


«-35.0 


207.600 


-28.9 


17.400 


•223 


45.600 


-113 


53.500 


-6.6 


117.400 



467 1025 607 -lli Mi'aOO 

«8 1045 1186 23'tqo 

<f* 1609 301 .3.3 89*200 

490 775 1289 -17.0 20100 

491 692 178 -19J 169*300 

492 1100 964 -10.2 31*800 
776 -1-6 39*700 



494 


682 


247 


-14.5 


495 


470 


1258 


•26.9 


496 


494 


1436 


-28.1 


497 


980 


852 


•12.5 


499 


1414 


546 


-6.0 


500 


1234 


1072 


•6.3 


501 


1246 


659 


-8.2 


502 


824 


792 


-15.7 



503 1246 1134 -8.2 25500 

504 1115 1407 -93 16 200 

505 1189 391 -6.9 69700 

506 1578 402 -3.7 66*000 

507 787 250 -16.6 109*000 

508 979 552 -12.5 52300 

509 1153 619 -9.4 48100 

510 1730 1006 -2.0 30300 
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511 BOO 484 -16* 

512 1090 533 -10.2 

513 160$ 1034 -2* 

514 048 636 -13.2 

515 481. 543 -28.5 

516 1334 1044 -7.1 

517 868 1021 -14.8 

518 700 779 -16,3 

519 622 670 -15.7 

520 632 165 -21.5 

521 1332 830 -7.1 

522 603 1104 -22.6 

523 1100 300 -6.9 

524 479 1226 -28.6 

525 768 1066 -17.2 

526 747 1016 -17.7 

527 1170 231 -9.2 

528 1502 542 -4.6 
530 1728 620 -2.0 

532 507 1011 -27.4 

533 870 480 . -14.7 

534 1347 1085 -6.0 
£35 1513 346 -4.5 
536 308 

538 1851 

539 1463 062 

540 909 561 

541 625 289 

542 1164 198 

543 603 655 

544 1259 1143 

545 856 1526 

546 803 

547 1162 

548 128 _. 

549 1355 1122 

550 505 866 

552 1369 494 

553 992 

555 1125 

556 705 

557 1477 1030 

558 980 563 

559 700 1109 

560 1028 
562 808 

564 789 

565 777 

566 960 

567 1519 

569 1212 

570 760 

571 616 

573 1142 

574 532 

575 771 

576 1068 

577 822 

578 914 

579 1064 

580 1524 

581 1362 

582 682 
564 1467 

585 758 

586 687 1152 

587 930 523 

588 1666 774 
569 642 485 

590 1317 519 

591 65 1548 c-35.0 

502 1014 614 -11.7 

503 732 176 -18.1 

504 1627 478 4J0 

505 1000 1426 -11* 



654 <-35.0 
-0.7 
-5.1 
-13.9 
-21.7 
-9.2 
-16.2 
-8.0 
-15.0 
1071 -16.2 
274 -9.3 
1321 <-35.0 
-6.6 
-23.0 
-6.6 
-12.2 
-9* 
•18.0 
-4.0 
•12.5 
-10.1 
-11* 
-14.1 
•16.6 
-16* 
•12.5 
-4.4 
4.6 
-17.4 
•21.9 
-9.6 
-26.2 
-17.1 
-10 J 
-15.7 
-13* 
•10* 
-4.4 
-6* 
-12.4 
-4* 
-17.4 
•19* 
•13* 
-0.4 
-21.1 
7* 



405 
410 
975 



621 
704 
1446 
766 
328 
611 
661 
504 
056 
771 
787 
250 
534 
734 
754 
704 
714 
783 
686 
672 
731 



58,400 
54,100 
29,200 
47.100 
53,400 
26,800 
29,700 
39,600 
45,100 
189,000 
37,300 
26,600 
86*00 
22,300 
28,000 
29.800 
119,600 
53.400 
48,000 
30,000 
57,000 
27.300 
77,800 
46,000 
44,100 
31.100 
52.000 
03,100 
146,200 
45.000 
25,200 
12.200 
27.600 
08,400 
19,000 
25,900 
35,800 
57.500 
67,600 
66.000 
31.400 
29.300 
50,400 
26,400 
48.000 
38,000 
14,000 
40.200 
81,000 
48.600 
45,600 
49,700 
32.100 
40.000 
39*00 
109.200 
54,100 
41,800 
40.800 
38.000 
42,800 
39.400 
44*00 
45.000 
41,900 
24*00 
55,000 
39,900 
5e,300 
55.300 
11.500 
48.400 
172.300 
59.000 
15.500 
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506 
567 
506 
500 

600 
601 
602 
603 
604 
605 
606 
607 
606 
609 
610 
612 
613 
614 
615 
616 
617 
618 
619 
620 
621 
622 
623 
624 
625 
626 
627 
628 
629 
630 
631 
632 
633 
634 
635 
636 
637 
638 
638 
640 
641 
642 
643 
644 
645 
646 
648 
649 
650 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 
662 
663 
664 
665 
666 
667 
668 
669 
670 
671 
673 



619 

1176 
1465 
741 
907 
687 
712 



783 
736 
629 
1064 
683 
2012 
1255 
1103 
778 
£24 
1095 
1759 
994 
751 
1429 
1050 
923 
1462 
759 
758 
1438 
1096 
942 
609 
899 
1135 
979 
1542 
1345 
409 
1165 
774 
1263 
952 
1717 
904 
165 
803 
719 
1100 
534 
1153 
1246 
14 
1713 
1966 
1378 
1442 
650 
1111 
1095 
1524 
1777 
391 
877 
658 
732 
1787 



686 
715 
781 
646 
1116 
1362 
547 
064 



260 
461 
1044 

1188 
402 
656 
1138 
161 
1461 
223 
273 
286 
503 
610 
903 
391 
265 
516 
195 
478 
372 
374 
516 
520 
1105 
622 
225 
1038 
606 
1089 
548 
621 
979 
1321 
615 
1076 
814 
950 
704 
604 
524 
411 
575 
292 
1224 
251 
206 
294 
1263 
1038 
204 
1406 
1049 
1163 
816 
1165 
806 
551 
861 
540 
660 
564 
565 
166 
312 
567 
268 
775 
221 
227 
165 
353 
643 
789 
746 



•21* 
•9.1 
-5.0 
-17* 
-14* 
-19* 
-18.7 
-14.1 
-16.7 
-18.0 
-21.6 
•10* 
-14.5 
>0.0 
-8.1 
-10.1 
-16.9 
-15.7 
-10* 
-1.6 
-12.1 
-17.6 
-5.7 
-11.1 
•13.7 
-5.1 
•17.4 
•17.4 
•5.5 
•10* 
•13.3 
-16.0 
-14.1 
-9.6 
•12.5 
-4.1 
-6.9 
•32.2 
-9.2 
•17.0 
4J.0 
-13.1 
•21 
•12.1 
<-35.0 
•16.2 
•18.5 
•10.2 
-26.1 
-9.4 
-8* 
<-35.0 
•2.1 
>0.0 
-6.5 
-5.5 
-20.8 
-10.0 
-10.3 

-4 4 

•1.4 
-33.4 
•12.5 
•20.5 
-18.1 
•1.2 
-14.4 
•14.3 
•18.6 
-16.8 
-21.0 
-9.9 
-6.4 
-25.3 
•12.4 



100.500 
60.700 
28.800 
23.600 
68,000 
45.800 
25.400 
165*00 
14.400 
125*00 
98,700 
04.000 
56.700 
48,700 
34*00 
69,600 
102.000 
55.400 
149,100 
56.000 
72.900 
72.400 
55,300 
55,200 
26,600 
47.900 
124.000 
29.000 
48.900 
27,200 
53.000 
48.000 
31.300 
19,100 
48.300 
27.600 
38.000 
32.400 
43.300 
49.000 
54,800 
66.700 
51,000 
92.000 
22,400 
108.900 
90.700 
91.400 
21.000 
29,000 
140,000 
16.200 
28.600 
23.800 
38.000 
24,400 
38.400 
52.700 
36,000 
53.600 
36.000 
50.400 
51,700 
187,500 
.86.100 
51.500 
100.900 
39,800 
126.300 
122,400 
189,100 
76.300 
46.600 
39.200 
41.200 



674 1661 448 

675 1523 562 
576 708 642 
«77 910 615 
678 1065 561 
€70 600 623 

680 1237 1004 

681 1103 283 

662 1406 477 

663 1506 240 

684 555 600 

685 1167 1313 
606 1932 700 

687 1545 610 

688 1456 764 
680 1011 953 

690 1905 270 

691 812 686 

692 1154 1461 
603 1903 819 

694 1628 656 

695 926 254 

696 1854 715 
607 1997 345 
606 957 563 
690 1540 730 

702 577 900 

703 1610 562 

705 1278 571 

706 1641 704 

707 1016 1386 

709 1074 1145 

710 293 
712 720 



713 1386 

714 1328 

715 608 

716 701 

717 1875 

718 575 
710 1216 

721 1069 

722 1272 

723 956 



724 

725 



763 
720 



726 1476 

727 1846 

728 510 



412 
841 
263 
433 
481 
699 
702 
204 
464 
506 
822 
305 
016 
415 
473 
783 



729 


1217 


1126 


730 


1856 


724 


731 


665 


765 


733 


1321 


312 


734 


716 


427 


735 


1101 


473 


736 


1359 


569 


738 


696 


220 


739 


687 


409 


740 


1205 


256 


741 


995 


563 


742 


808 


596 


743 


661 


181 


744 


1951 


666 


745 


726 


168 


746 


999 


643 


748 


162 


1503 


749 


2005 


649 


750 


1448 


575 


751 


792 


266 


752 


469 


296 


754 


664 


254 


755 


1195 


184 


756 


1821 


1113 


757 


909 


246 


760 


790 


133 



-2.7 
-4.4 
•18* 

•137 
-10* 
•22.7 
4U 
-10.1 
-6.1 
-3.4 
-24* 
-0* 
0.0 
-4.1 
-5* 
-11* 
>0.0 
-16.0 
-9.4 
>0.0 
-3.0 
-13.6 
-0.6 
>0.0 
-13.0 
•42 
-23* 
-3* 
-7* 
-0.7 
•11.7 
-10.7 
<-35.0 
-18.5 
-6.4 
-7.1 
-19.1 
-19.0 
-0.5 
•23* 
•6.6 
-10.8 
-7.8 
-13.0 
-17* 
-18.5 
-4.9 
4J.7 
-27* 
43.6 
4.6 
-20.2 
-7.2 
-18.5 
•10.2 
-6.7 
•19.2 
-19.5 
•8.7 
•12.1 
•14.1 
•14.5 
>0.0 
•18* 
•12.0 
•35.0 
>0.0 
•5.4 
•16.5 
•26* 
•20* 
-6* 
-0* 
•13.9 
-16.5 



62.100 
61.900 
46.700 
48X0 

52.700 
33.400 
30X0 
05.100 
50.100 
100.800 
43.500 
19X0 
39.100 
48,100 
40.300 
32*00 
100X0 
34.900 
14.400 
37.800 
45.900 
107,000 
42.700 
78.000 
51.800 
42.000 
34.400 
51,900 
51X0 * 
43X0 
16.900 
25,100 
34,800 
66.600 
36.800 
103.100 
63.900 
58.700 
43.600 
43.400 
140.400 
60.400 
56.400 
37.700 
69.100 
33.700 
66.200 
59,400 
39,400 
25.800 
42*00 
40*00 
85,900 
64,600 
59.500 
51.400 
127.600 
67.000 
106.200 
51.900 
49.500 
165.900 
44.200 
163.600 
46.600 
13.000 
46.300 
51.000 
101,900 
90.600 
107.000 
161,000 
26.300 
111.000 
264.900 
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761 1390 733 

763 1416 1065 

764 2020 569 

765 651 475 

766 1052 1149 

767 1968 468 
766 1330 665 

769 1970 613 

770 657 617 

771 1337 974 
773 1576 502 

775 969 624 

776 1438 706 

777 1539 456 
776 650 434 
779 700 411 
760 1052 1136 

764 1413 529 

765 1364 665 

766 1622 635 
787 8S3 392 

790 616 662 

791 451 1429 

792 777 377 

793 1536 1543 

794 1461 807 

796 388 546 

797 1126 212 

798 933 437 

799 1420 593 
600 1759 279 

801 624 865 

802 896 647 



803 


1775 


1466 


804 


573 


196 


805 


203 


494 


806 


980 


1039 


807 


902 


306 


608 


625 


627 


809 


1851 


1015 


810 


440 


573 


811 


1358 


249 


812 


651 


393 


813 


745 


1246 


814 


2028 


610 


815 


1066 


645 


816 


629 


313 


817 


1376 


1177 


818 


1771 


790 


819 


1045 


263 


820 


964 


362 


621 


1712 


279 


822 


1256 


205 


823 


1517 


654 


824 


1442 


449 


825 


1240 


513 


826 


1306 


1014 


627 


2012 


706 


826 


937 


1406 


630 


1342 


756 


831 


562 


626 


632 


1073 


1036 


633 


461 


620 


834 


501 


561 


837 


751 


748 


638 


635 


833 


639 


1494 


459 


640 


1952 


301 


641 


1565 


1060 


642 


571 


1312 


643 


1325 


649 


644 


1727 


301 



>0.0 
•20.6 
•11.1 
>OJ0 
•7.1 
>0.0 
•15.0 
-7.0 
-3.7 
-12 J 
-5.5 
-4.2 
-15.1 
•19.1 
•11.1 
-6.0 
-6.7 
•0.9 
•14.3 
-22.0 
-29.6 
-16.9 
-4.2 
-5.1 
•33.6 
•6.8 
-13.5 
-5.9 
•1.6 
-21.7 
-14.2 
-1.4 
•24.0 



645 630 679 

646 2016 90S 

647 673 1200 



-12.5 
-14.1 
-21.7 
-0.7 
-30.9 
-6.6 
-15.1 
-17 J 
>0.0 
-10.4 
-21.6 
-6.5 
•1.4 
-11.2 
-12.4 
~Z2 
-6.1 
-4.4 
-5.5 
4.3 
-7.4 
>0.0 
•13.4 
-7.0 
-24.5 
•10.7 
•28.5 
-27.8 
-17.6 
•21 J 
-4.7 
>0.0 
•3.6 
-24.1 
-7.2 
-2.0 
-21.5 
>0.0 
-19.9 



41.600 
27.300 
51.400 
56,300 
25.000 
59.900 
44.300 
46.500 
46.200 
31.500 
56,700 
37.600 
43.100 
61.000 
63,600 
66.600 
25.500 
54.400 
35.000 
37.100 
69.500 
35,100 
15.400 
72.000 
11.700 
36.300 
53.100 
133.700 
63.400 
49.800 
96.500 
35.600 
53.000 
14.200 
146.400 
57.400 
29.000 
67,200 
37.500 
29.900 
51.100 
109.700 
69.400 
21.600 
36,200 
46.500 
85.700 
24.000 
36.100 
103.100 
74,600 
96.700 
139*200 
46,000 
62,000 
55.800 
29.900 
43.100 
16,200 
40.700 
37.500 
29.000 
37.800 
50.500 
41.100 
37.200 
60.900 
86.300 
27.500 
19.400 
46.300 
89,200 
44.600 
34.200 
23,200 



646 1663 271 -0.6 99.500 

549 1166 523 4.2 54,600 

650 1535 1024 -4.2 29 600 

651 1035 626 -11.4 37*500 

652 634 542 -15.5 53.400 

655 499 220 -27.6 127.100 

656 1063 194 -10.9 150 500 

657 667 890 -14.4 34,800 

658 1446 638 -5.4 46.600 

659 706 311 -16.9 66.200 

860 1070 1066 -10.7 28 000 

861 472 347 -28.8 77*600 
662 674 480 -16.8 56 800 
664 1307 499 -7.4 57*000 

865 645 667 -21.0 34 900 
666 627 1004 .15.6 30*300 

866 665 494 -19.5 57.400 
869 1607 402 -1.0 66.000 

670 1323 783 -7.2 39 400 

671 1228 1 031 -6.4 29*300 

672 1904 346 -0.3 77.700 

673 556 647 -24.8 46 400 
874 1S40 756 -4.2 40700 
675 1566 777 -3.8 39.700 

876 1196 351 -6.8 76 600 

877 1076 720 -10.6 42.500 
876 1161 1111 -9.3 26400 
679 647 757 -20.9 40 700 

660 1756 594 -1.6 49>00 

661 1543 278 -4.1 97 1 00 

663 1432 890 -5.7 34*600 

664 922 689 -13.7 44 100 

685 1103 414 -10.1 66 400 

686 1501 607 -4.6 48900 

687 798 1103 -16.3 26*600 
666 636 634 -21.3 47*200 

689 951 759 -13.1 40 600 

690 717 548 -18.6 52*900 

691 1123 229 -9.8 121.200 
882 891 413 -14.3 66 400 

894 1245 234 ^.2 117*800 

895 1 962 346 >0.0 77*700 

896 1322 626 -7.2 47*700 

897 420 570 -31.4 51.300 
896 662 428 -20.3 64 500 

899 645 243 -15.3 113,000 

900 624 703 -21.7 43,400 

901 931 1094 -13.5 27*000 

903 799 229 -16.3 121,000 

904 765 520 -17.2 55.200 

905 775 689 -17.0 34,800 
907 888 824 -14.4 37 600 

906 628 1303 -15.6 19 700 

910 661 1544 -19.7 11.700 

911 1544 301 -4.1 89100 

913 1606 387 -3.3 70*400 

914 1237 688 -8.3 44.100 

916 1442 749 -5.5 41,100 

917 1260 367 4.0 73.700 

919 764 1541 -17.3 11.700 

920 1133 1123 -9.7 25.900 

921 1123 380 -9.8 71 500 

623 629 242 -15.6 1 13*200 

624 1131 _ 9 7 84 300 

925 1441 874 -5.5 35.400 

926 679 219 -19.7 1 28*200 

927 1487 1191 -4.8 23 500 

928 1062 775 -10.5 39*800 
829 1231 816 -6.4 38 000 

931 1609 670 -3.3 45,100 

932 810 900 -16.0 34 400 

933 965 520 -12.8 55*100 

934 947 462 -13.2 60.600 

936 665 843 -14.8 36.800 

937 1451 1056 -5.9 28.400 



Y CPKM SOSMW 



1197 627 4J 

W1 176S .88$ AM 

942 602 472 -22.7 

943 312 496 «~35.0 

944 figs 491 -12.1 
9*5 1300 269 -73 
946 630 423 -21.6 
047 167 736 <-35.0 
948 1380 344 -6.5 
948 1766 665 -1.5 
050 1038 183 -11 J 
951 660 152 -14.9 
052 957 701 -13.0 

954 503 547 -27.6 

955 1938 712 >0.0 
•57 loio 616 -11.8 

959 768 174 -17.2 

960 S96 419 -23.0 

961 557 409 -24.8 
9« 887 3» -14.4 
963 564 334 -24.5 
064 069 1155 -12.6 

965 671 255 -20.0 

966 1204 796 -6.7 

967 610 154 -13.9 

968 609 1048 -22.3 

969 1285 206 -7.7 

970 822 232 -15.6 

971 976 437 -12.6 

972 403 567 -32.6 

974 279 495 <-35.0 

975 644 961 -15 J 

976 1124 295 -9.8 

977 994 664 -12.1 
976 1612 642 -3.2 
979 749 1141 -17.7 
080 1064 642 -10.6 
981 1167 911 4 8 
983 1762 1506 -1.6 

964 1344 317 -6.9 

965 1024 1106 -11.5 

987 739 1159 -17.9 

988 816 555 -15.9 

990 765 361 -16.7 

991 1159 317 -9.3 

992 1090 928 -10.4 

993 1030 701 -11.5 

994 847 811 -15.2 

995 902 461 -14.1 

996 888 847 -14.4 

997 1815 579 -0 9 
996 1205 504 -6.7 
999 617 289 -22.0 

1000 966 290 -12.8 

1001 970 771 -12.7 

1002 1736 476 -1.9 

1003 643 1164 -21.1 

1006 822 487 -15.8 

1007 875 279 -14.6 

1009 291 644 <-35.0 

1010 1386 745 -6 4 

1011 459 541 .29.4 

1012 679 661 -19.7 

1013 1816 1128 -08 

1014 1032 634 -11.4 

1015 1629 904 -3.0 

1016 1311 1134 -7.4 

1017 1722 424 -20 
1016 1015 743 -11.7 

1020 1574 1219 -3 7 

1021 761 464 .16 J 

1022 1129 63 47 

1023 812 317 -15.9 

1024 785 446 -16.7 

1025 1290 739 -7.7 



37.500 

59.600 
87,100 
57,700 
100,300 
65.100 
41.600 
78.200 
45.400 
151.000 
213.000 
4*3.400 
53.000 
42.900 
37.900 
174.900 
65.700 
67.100 
63.900 
80,500 
24.600 
106.600 
36,700 
210.300 
28.700 
138.900 
119.300 
63.400 
51.600 
57.400 
31.200 
91.100 
45.400 
46.700 
25.300 
46.700 
33.900 
12.600 
64,700 
26,600 
24.600 
52.400 
74.900 
64,500 
33.300 
43.400 
38.200 
60.700 
36,600 
50,700 
56.500 
93,100 
92.700 
40.000 
56.900 
23.700 
56,100 
96.400 
46.600 
41,200 
53.500 
45.600 
25.600 
47.200 
30.700 
25.500 
65.000 
41,300 
22.500 
56.400 
591.300 
64.600 
62.400 
41.600 
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1026 
1027 
1028 
1030 
1031 
1032 
1033 
1034 
1035 
1036 
1039 
1040 
1041 
1044 
1045 
1047 
1046 
1040 
1050 
1051 
1052 
1053 
1054 
1055 
1056 
1056 
1060 
1061 
1062 
1064 
1065 
1066 
1067 
1066. 
1069 
1071 
1073 
1075 
1076 
1078 
1081 
1083 
1065 
1090 
1092 
1093 
1094 
1095 
1090 
1099 
1101 
1102 
1103 
1105 
1106 
1107 
1106 
1111 
1112 
1115 
1116 
1117 
1118 
1119 
1120 
1121 
1122 
1123 
1125 
1126 
1128 
1133 
1139 
1147 
1146 



405 
1290 
' 856 
1284 
986 
1547 
1381 
1525 
1128 
1226 
1761 
541 
816 
1036 
1439 
1540 
1576 
1089 
949 
426 
1583 
779 
1613 
1380 
284 
1261 
393 
1617 
1245 
1258 
705 
1181 
529 
500 
1898 
673 
1766 



1863 
626 
971 
1697 
1157 
620 
1867 
2019 
1546 
1545 
61 
1954 
566 
1050 
457 
1884 
1714 
1717 
1976 
547 
1346 
1385 
1078 
975 
1202 
1022 
1906 
1512 
1114 
1464 
1046 
1122 
1722 
1096 
1630 
764 
1968 



6S2 
848 

547 
226 
822 
403 
551 
496 
645 
274 
262 
839 
910 
485 
407 
250 
635 
411 
1040 
816 
1385 
1092 
620 
377 
663 
746 
605 
645 
746 
792 
934 
734 
656 
696 
604 
609 
1128 
773 
861 
566 
483 
202 
794 
910 
597 
894 
538 
477 



237 
1048 
667 
797 
532 
649 
546 
722 
1066 
621 
762 
616 
787 
833 
1076 
616 
1301 
677 
452 
857 
802 
892 
825 
569 
1182 
724 



-323 
-7.5 
-15.0 
-7.7 
-123 
-4.1 
-6.4 
-4J 
-0.7 
-8.5 
-1.6 
-25.7 
•15.8 
-11 .3 
•5.5 
-4.2 
•3.7 
-10.4 
-13.2 
-31.1 
•3.6 
-16J 
•3.2 
•6.5 
<«35.0 
-8.0 
-33.3 
•0.9 
•6.2 
•6.1 
•18.8 
-9.0 
-26.3 
-27.4 
-0.3 
-14.7 
-1.5 
-15.4 
-0.6 
-15.7 
-12.7 
-2.3 
-9.4 
-21.9 
•0J 
>0.0 
-4.1 
-4.1 
<-35.0 
>0.0 
-23.3 
-11.1 
-29.5 
-0.4 
-2.1 
-2.1 
>OJ0 
•25J 
-6.9 
-6.4 
-10.6 
•12.6 
•8.7 
-11.6 
•0J 
-4J 
-9.9 
-5.1 
-11.1 
-9.6 
-2.1 
•10.2 
-0.8 
-17.3 
>0.0 



MSN 



Y CPKol SOSMW 



52.600 
36,500 
53,000 
123.200 
37.700 
67,900 
52.700 
57.200 
46.500 
96,300 
103.600 
36.900 
34.000 
56.300 
67.300 
109.200 
47.100 
66.700 
2C900 
37,600 
16.900 
27.000 
46.000 
72.000 
45.500 
41.200 
49.000 
46.600 
41.200 
39.000 
33,000 
41.800 
45.800 
43.700 
49.100 
46.700 
25.800 
39.900 
36.000 
51.600 
56.500 
142300 
38.900 
34.000 
49.500 
34.600 
53.700 
59.100 
33.000 
116.000 
28.600 
45.200 
38.800 
54.200 
46,300 
53.100 
42.400 
28.000 
48.000 
40,400 
38.000 
39.300 
33,100 
27.600 
48,300 
19.700 
44,700 
61,700 
36,200 
38,600 
34.700 
37.500 
51,400 
23.600 
42^00 



1153 921 11S8 

1154 1594 664 
637 
623 
665 
564 
552 
536 
545 



1161 
1162 
1163 
1166 
1170 
1171 
1172 



-13.7 
•3.5 
-21 J 
-21.8 
-20.2 
24 4 
-25.0 
-25.9 
-25.5 
-10.2 
-7.5 
-6.6 
-3.3 
-4.8 
-5.2 
-5.7 
-6.1 
-6.4 
-5.3 
-5.8 
-6.3 
-6.2 
-5.2 
-19 3 
c-35.0 
-32.6 

3*4 1275 <-35.0 
1311 



400 
397 
397 
528 
529 
524 
514 
522 
586 
539 
702 
224 
224 
223 
223 
224 
162 
163 
162 
214 
286 

666 1114 
265 693 
403 1292 



1174 1099 

1176 1304 

1177 1366 

1178 1608 

1179 1465 

1180 1459 

1181 1431 

1182 1407 

1183 1383 

1184 1454 

1185 1422 

1186 1394 

1189 1171 

1190 1457 

1191 686 
1192 
1193 
1194 
1195 
1196 
1197 
1198 
1199 
1200 
1»1 

1202 1719 1545 
791 



505 

572 1293 

636 1502 

637 1402 
614 1407 
637 1431 

1095 1304 



1203 
1204 
1205 
1206 
1209 
1210 
1211 
1212 
1214 
1215 
1216 
1217 
1218 
1219 



666 
964 1021 
313 
306 



-27.6 
-24.1 
-21.2 
-21.3 
-22.1 
-21.3 
-10.3 
-2.1 
-16.5 
-12.9 



320 
326 
394 
402 
386 
641 
660 
914 
673 
970 



195 <-35.0 

194 <-35.0 

197 <-35.0 

107 <-35.0 



1220 1021 

1221 1392 

1222 1354 
1362 

673 
614 
603 
696 
707 
475 



1223 
1224 
1225 
1226 
1227 
1228 
1229 
1230 
1231 

1232 1324 



294 

294 

294 

329 

329 

266 

245 

372 

298 

205 

203 

205 

540 

542 

539 

623 

626 

447 



466 1282 
759 1461 



1233 

1234 1865 

1235 1812 

1236 1411 

1237 1392 

1238 794 
769 
740 
743 
713 
662 
663 
565 



1170 
1563 1005 



1239 
1240 
1241 
1242 
1243 
1244 
1245 



609 
817 
703 
662 
410 
407 
406 
511 
510 
509 
504 
582 



-33.2 
-32.7 
-33.7 
-21.2 
•20.4 
•13.6 
-14.7 
-12.7 
-11.6 
-6.3 
-6.8 
-6.7 
-19.9 
-22.1 
•22.6 
-19.2 
•18.9 
-28.7 
-29.0 
-17.4 
-7.2 
-3.6 
-0.6 
-1.0 
-6.0 
-6.3 
-16.4 
-17.1 
-17.9 
-17.8 
-16.7 
-19.6 
-20.3 
-24.4 



24.700 
35.900 
68.400 
68.800 
68,700 
54.500 
54,500 
54.800 
55,700 
55.000 
50,200 
53,700 
43,400 
124,900 
124,900 
125,100 
125,200 
124,700 
164,400 
162.600 
164,300 
131.800 
94,200 
26,200 
34,700 
20,000 
20,600 
19,400 
20,000 
13.000 
16.300 
16.200 
15.400 
16.600 
11.600 
45.200 
29.700 
148.700 
149.800 
147.400 
146,600 
91,400 
91.200 
91.400 
61,600 
61.600 
101,800 
112,000 
72.900 
90.100 
139.500 
141,800 
139.500 
53.600 
53,400 
53,600 
47.600 
47,500 
62.300 
20.400 
14.400 
24.200 
30,300 
36.200 
37.900 
43.400 
44,500 
66,900 
67,300 
67.500 
55,900 
56,000 
56.100 
56.500 
50.500 



1246 547 

1247 530 

1249 516 

1250 973 

1251 607 

1252 665 

1253 899 

1254 1311 

1255 1300 
1257 1938 

1256 1806 

1259 1727 

1260 1629 

1261 1555 

1262 1468 

1263 1413 

1264 1)40 

1265 1263 

1266 1162 

1267 mo 

1268 1055 

1269 999 



1270 

1271 

1272 

1273 

1274 

1277 

1278 

1279 

1280 

1281 

1282 

1283 

1284 

1285 

1286 

1287 

1288 

1289 

1290 

1291 

1292 

1293 

1294 

1295 



959 

905 

857 

810 

774 

737 

702 

671 

645 

617 

595 

573 

552 

536 

S15 

406 

467 

447 

427 

412 

397 

381 

365 

348 



577 

576. 

572 

536 

532 

529 

766 

746 

761 

712 

718 

715 

713 

717 

717 

722 

717 

717 

720 

717 

717 

717 

715 

712 

714 

705 

711 

706 

711 

710 

710 

707 

704 

700 

695 

694 

687 

683 

669 

667 

655 

655 

652 

654 

653 

653 < 



-25.3 
-26*3 
-27.0 
•12.7 
•22.4 
-20.2 
-14.1 
-7.4 
-73 
0.0 
-1.0 
-2.0 
•3.0 
•4.0 
•5.0 
-6.0 
-7.0 
-6.0 
-6.0 
•10.0 
-11.0 
-12.0 
-13.0 
-14.0 

-15.0 

•16.0 

-17.0 

-18.0 

-19.0 

-20.0 

-21.0 

•22.0 

•23.0 

-24.0 

•25.0 

-26.0 

-27.0 

-28.0 

-29.0 

-30.9 

-31.0 

-32.0 

•33.0 

-34.0 

•35.0 

-35.0 



50.900 

50.900 

51.200 

53.900 

54.200 

54.400 

40.200 

41.200 

40.400 

42.900 

42.600 

42.700 

42.800 

42.600 

42.600 

42.400 

42.600 

42,600 

42.500 

42.600 

42.600 

42.600 

42.700 

42,900 

42.800 

43.300 

42.900 

43,100 

42.900 

43.000 

43,000 

43.100 

43.300 

43,500 

43.700 

43.800 

44.200 

44,400 

45.200 

45.300 

45.900 

45.900 

46,100 

46.000 

46.100 

46.100 
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Protein Name 



PW f ASP #GLU fHlS #LYS *ARG 
3* 4.1 10.8 ^ZS 



NH2- Cale Real 
7.0 ol CPK 



Rabbit musde CPK K1RBCM 28 27 17 

28 27 17 
28 27 17 
28 27 17 
28 27 17 
28 27 17 
28 27 17 
28 27 17 
» 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 

28 27 17 



34 

33 
32 
31 
30 
29 
28 
27 
26 
25 
24 
23 
22 
21 
20 
19 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 
0 



18 

18 

18 

18 

18 

18 

18 

18 

16 

16 

18 

16 

18 

18 

18 

18 

16 

18 

18 

18 

18 

18 

18 

18 

18 

16 

18 

18 

18 

18 

18 

18 

18 

18 

18 

18 



Hb-beta, human 



HBHU 




6.84 

6.67 

6£4 

6.42 

6.31 

6.21 

6.12 

6.03 

5.94 

5.65 

5.76 

5.67 

5.58 

5.48 

5.39 

5.29 

5.20 

5.12 

5.04 

4.96 

4.89 

4.83 

4.77 

4.71 

4.66 

4.61 

4.56 

4.52 

4.48 

4.44 

4.40 

4.36 

4.32 

4.29 

4.25 

4.22 



7.18 

6.79 

6.53 

6.32 

6.13 

5.96 

5.7B 

5.59 

5.37 

5.14 

4.91 

4.71 

4.54 
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-1 
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Table 4. Computed pfs of some known proteins related to measured CPK pfs 





• Protein Nam 


PIR 
Name 


HASP #GLU f HIS ILYS KARG 
3J 4.1 BJO 10.8 12J 


Calc 

01 


teal 
CPK 


0 


Creatine phospho kinase (CPK), rabbrt muscle 


KIRBCM 


28 


27 


17 


34 


18 


6.84 


OX 


1 


Fatty acid-binding protein, rat hepatic 


FZRTL 


5 


13 


2 


16 


2 


7.83 


•3.0 


2 


b2*microg)obufn, human 


MGHUB2 


7 


6 


4 


8 


5 


6.09 


•5.0 


3 


Cartamoyl-phosphate synthase, rat 


SYRTCA 


72 


96 


28 


95 


56 


5.97 


•S.5 


4 


Prealbumin ( serum albumin precursor), rat 


ABRTS 


32 


57 


15 


53 


27 


5.98 


•&2 


5 


Serum albumin, rat 


ABRTS 


32 


57 


15 


53 


24 


5.71 


-9.0 


6 


Superoxid dismutase (Cu-Zn, SOD), rat 


A26810 


8 


11 


10 


9 


4 


5.91 


-9.2 


7 


Phospholipase C, phophoinosrtide-specific (?), rat 


A28807 


34 


42 


9 


49 


21 


5.92 


-9.2 


8 


Albumin, human 


ABHUS 


36 


61 


16 


60 


24 


5.70 


-11 J 


9 


Apo A-l lipoprotein, rat 


A24700 


18 


24 


6 


23 


12 


5.32 


-13.7 


10 


proApo A-l lipoprotein, human 


LPHUA1 


16 


30 


6 


21 


17 


5.35 


♦144 


11 


NADPH cytochrome P-450 reductase, rat 


RDRT04 


41 


60 


21 


38 


36 


5.07 


-15.6 


12 


Retinol binding protein, human 


VAHU 


18 


10 


2 


10 


14 


5.04 


•1&9 


13 


Actin beta, rat 


ATRTC 


23 


26 


9 


19 


18 


5.06 


-17.2 


14 


Actin gamma, rat 


ATRTC 


20 


29 


9 


19 


18 


O.U/ 


MO.O 


15 


Apo A-l lipoprotein, human 


LPHUA1 


16 


30 


5 


21 


16 


5.10 


•17.5 


16 


Apo A-IV lipoprotein, human 


LPHUA4 


20 


49 


8 


28 


24 


4.88 


-19.7 


17 


Tubulin alpha, rat 


UBRTA 


27 


37 


13 


19 


21 


4.66 


•19.8 


18 


FlATPase beta, bovine 


PWBOB 


25 


36 


9 


22 


22 


4.80 


•21.0 


19 


Tubulin beta, pig 


UBPGB 


26 


36 


10 


15 


22 


4.49 


•2ZS 


20 


Protein disulphide isomerase (PDI), rat hepatic 


ISRTSS 


43 


51 


11 


51 


9 


4.07 


-25.0 


21 


Cytochrome b5, rat 


CBRT5 


10 


15 


6 


10 


4 


4.59 


-26.0 


22 


Apo C-ll lipoprotein, human 


LPHUC2 


4 


7 


0 


6 


1 


4.44 


•30.5 




Amino acid pi assumed in calulation: 




3.9 


4.1 


6.0 


10.8 


12.5 
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-mRNAs 
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-cDNAs 
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(Human Gene me Project) 



Link with other databases 
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between protein 
and ONA 
information 
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A two-dimensional gel database of m liver proteins 
useful in gene regulation and drug effects studies 

A standard two-dimensional (2-D) protein man of p;.,*.- \*a 

Sodium dodecyl sulfate (SDS) molecular mass andisoeSSie noim S11?k P 
tabhshed, based on positions of numerous imemal SEE SEEThS? * 
used io connect and compare hundreds of 2-D oS^SdSS.?" 

Contents . , . . . 

I Introduction 

1 Introduction on- u- ^ i • 

2 Materia] and methods ens " , ^- r " 0,uuon ' '^dimensional electrophoresis of pro- 

2.1 Sample preparation " 0 9 ° 8 '""^T"^" W ^^°' FweIlMdMh «Il^l.hi 

12 Two-dimensional electrophoresis oSo ri " n r tl?'"^ enSUmg lo «^ine a wide v.. 

2-3 Staining 9 ° 9 f*™*** 7*«ns.the results appearing in more 

2.4 Positional standardization Z 5?? ;,° t ?° pub,ished P a P"*- With the advent of computer- 

2J Computer analysis \\\\\\ ZJI « An d ^ 

2.6 Graphical data output £1 an ^ "nstruc mg spot databases, it is also possible to 

2.7 Experiment LSBC04 11° P ' anand """tble integrated bodies of information de- 

3 Results and discussion n n f Cnbmg ,ne a PP««nce and regulation of thousands of pro- 

3.1 The rat liver protein 2-D map. . .' .' .' 9 2 ™J™1 pr ° ducls Cr "»«E such databases involves 

3.2 Carbamylated charge standards computed "p>s rf- n lkl ° rEani ? m S quantitative dau from thousands 
and molecular mass standardization on 8 and requires asubslant ' a l commitment in tech- 

3.3 An example of rat liver gene regulationVchoi- E> r " 0UrCeS - 
esterol metabolism o n r;v»„.k 1 «■ 

3.3.1 MSN 413 (putative cytosolic HMC-CoA tab_ e i SfS".^^ 11 ,0 deVe '° P a pr0lcin 
synthase) and sets of spots regulated co- .blJimwn^r W bl0, ° 8,cal s >' slem on consider- 
ordinately or inversely.... on a r b ' e,mporlance . Whl,c '' ,v '' ro sysiemsareide a iforanswer. 

3.3.2 MSN 235 and corregulated spols 0 i"! r ^; ri eXPenme queslions - especially in cancer re- 
3.3 J An example of an ami-synergistic effect 9 2 ™f " ' our u ex P erien « cell cultures and 
3 J.4 Complexity of the cholesterol synthesi have S 1 , h ' 1 S ° mC vi¥ ° app '° a *« could 

pathway } S,S g „ } advanta ps. In particular, we have noticed that 

Conclusions Ill ,ver ussue samples fr °™ "ts-and mice appeawo showgrea- 

References J J* cr ve reproducibility (in terms of individual pro- 
Addendum 1: Figures 1-13 l\, e '" f xpr «s.on) than replicate cell cultures.This is perhaps 

Addendum 2: Tables 1-4 .. o,, d , na,ural of the homeostasis maintained in a com- 

Table 1. Master table of proteins in rat" liver daia- the !at„r^ ° f cultures ' 

base 0 „ r^Js due p »" c, P all >' »o differences in reagents (e.g.. 

Table 2. Table of some identified proteins' 'oil ]u Zr™ c ° ndilions <«•«•• PH) and genetic "evo- 

Table 3. Computed pfr of two sets of carbamyiaied 1,' Wh ' le in CUllu , re - ll is also more 

protein standards: rabbit muscle CPK and ll^l^l J, am u oun,s of protein from cell culture 

human Hb 9 ™ . f? D " ems (P a «'cuiarly with attached cells), forcing the inves- 

Table 4. Computed p/s of some know^ proteinsre- detection m?,^/ "SS 0,ope - based °' silver-based stain- 

lated to measured CPK p/s . 930 , " methods Whlle lhe se methods are more sensi- 

yJU ^/sometimes much more sensitive) than the Coomassie 
Brilliant Blue (CBB) stain typically used for protein detec- 
tion in large- protein samples, they are generally more vari- 
able more labor-intensive and. in the case of radiographic 
methods, may generate highly "noisy" images, due to the 

properties of the films used. By contrast, large protein sam- 

Cn.,p.»d, B „: Dr. N. Ui,h Andenon. Une Sale Biology Corpora- l /n^V^ b f prepared from liv « "S'ng urea/Nonidet 
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Abbremo..,: CBB. Coomwie BrillUn, Bi„. : cpk. crcine photpho- remains the question of the truthfulness" of^»l 

kuuie; 2-D. two-dimensional: IEF. isoelectric focusinf ■ MSN muier vitro SVSlems as yuu>IUIness Of many in 
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lure and the associated shift to strong selection for growth, 
and how do these afT ct experimental outcomes? Hence 
the apparent advantages of in vitro systems, in terms of ex* 
perimental manipulation, may be counterbalanced by 
other factors relating to 2-D data quality. 

There is a second important class of reasons for exploring 
the use of an in vivo biological system such as the liver. His- 
torically, there have been two broad approaches to the me- 
chanistic dissection of biochemical processes in ioiact cel- 
lular systems: genetics (a search for informative mutants) 
and the use of chemical agents (drugs and chemical toxins). 
Both approaches help us to understand complex systems 
by disrupting some specific functional element and show- 
ing us the result. With the development of techniques for 
genetic manipulation and cloning, the genetic approach 
can be effectively applied either in vitro or in v/vo, although 
the in vitro route is usually quicker. The chemical approach 
can also be applied to either son of biological system; here, 
however, the bulk of consistently acquired information is* 
in experimental animals (rats and mice). While most biolo- 
gists know a short list of compounds having specific, experi- 
mentally useful effects (e.g., inhibitors of protein synthesis, 
ionophores, polymerase inhibitors, channel blockers, nu- 
cleotide analogs, and compounds affecting polymerization 
f cytoskeletaJ proteins), there is a much larger number of 
interesting chemically-induced effects, most of them char- 
acterized by lexicologists and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, it is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions would reveal the complete biochemistry of the cell. 
While organized drug discovery efforts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects. It is there- 
fore reasonable to suppose that the required broad range of 
compounds necessary to achieve "biochemical saturation" 
maybe forthcoming; in fact, it may already exist among the 
hundreds of thousands of compounds that failed to qualify 
as drugs. 

Among organs, the liver is an obvious choice for the study 
f chemical effects because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (e.g. 
[7]), but it is a complicated mixture of cell types requiring 
skillful dissection for most experiments. The kidney, while 
quite responsive, also presents a potentially confounding 
mixture of cell types. The liver, by contrast, is made up of 
one predominant cell type which is easy to solubilize: the 
hepatocyte, representing more than 95% of its mass. Most 
importantly, the liver performs many homeostatic func- 
tions that require rapid modulation of gene expression. It 
appears that most chemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
earner work with lymphocytes, for example, which seem to 
be much less responsive. Such results c nf rm to the expec- 
tation that cells with a homeostatic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the acti n of a limited number of spe- 
cific genes. 

The liver also allows the parallels between in vitro and in 
vivo systems to be examin d in detail. Significant progress 



has been made in the development of mouse, rat and hu- 
man hepatocyie culture systems,as well as in precision-an 
tissue shces. Using such an array of techniques, it is posS- 
bie to assemble a matrix of mammalian systems including 
mouse and rat in vivo on one level and mouse, rat and hu- 
man in vitro on a second level, and to compare effects be- 
tween species and between systems. This approach allows 
us to ora w informed conclusions regarding the biochemical 
Universality^ of biological responses among the mammals 
and to offer some insight into the validity of in vitro atv 
proaches for toxicologic^ screening. We believe this data 
will be necessary if in vitro alternatives are to achieve wide 
usage in government-mandated safety testing of drugs con- 
sumer products and industrial and agricultural chemicals. 

A number of interesting studies have been published using 
2-D mapping to examine effects in the rodent liver. A num- 
ber of investigarors have made use of the technique to 
screen for existing genetic variants [8-1 1] or induced muta- 
tions [12- 3 4], mainly in the mouse.This work builds on the 
wealth of genetic information available on the mouse and 
its established position as a mammalian mutation-deiec- 
tion system. While some studies of chemical effects have 

m c Un ^ naken in lhc mousc I 15 " 17 ]- m °s* have used the 
rat [18-23]. The examination of the cytochrome p-450 sys- 
tem, in particular, has been carried out almost exclusively 
on the rat [24, 25]. 

These considerations lead us to conclude that rodent liver 
offers the best opportunity to systematically examine an 
array of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian gene control. 
The basic underlying foundation of such a project is a reli- 
able, reproducible master 2-D pattern of liver, to which on- 
going experimental results can be referred. In this paper, we 
report such a master pattern for the acidic and neutral pro- 
teins of rat liver (pattern F344MST3).ln future, this master 
will be supplemented by maps of basic proteins,and analog- 
ous maps of mouse and human liver. 



2 Materials and methods 
2.1 Sample preparation 

Liver is an ideal sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical; a 
delay of 5-15 min appears to cause no major alteration in 
liver protein composition if the liver pieces are kept cold 
(e.g., on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenizer 
(e.g., 15 mL Wheaton); 8 volumes of solubilizing solution* 

• The solubiliiing solution is composed of 2<*> NP-40 (Sigma). 9 m urea 
(analytic*] grade, e.g., BDH or Bio-Rad). 0.5% diihioihreit'ol (DTT; 
Sigma) and 2% carrier ampholytes (pH 9-1 1 LKB: these come u a 20% 
stock solution, so 2 % final concentration is achieved by mi ting the fins) 
solution 10% 9- U Ampholine by volume). A large batch ofsolubiHxer 
(several hundred mL) is made and stored froien at -80*C in aliquou 
sufficient to provide enough Tor one day's estimated sample prepara- 
tion requirement. The solution is never allowed to become warmer 
than room temperature at any stage during preparation or thawing for 
use. since heating of concentrated urea solutions can product contami- 
nants that covalently modify proteins producing anifactual charge 
shifts. Once thawed, any unused solubtlizer is discarded. 
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directly (as extruded) onto the slah 
lion, and beld in piie by EhS J ^ "wwequflibn. 
fies', produced by UB) Jo^TSJ^' 7! dgM (W «»* 
Second-dimensional slab £ ^ l ££££ B ! 
o 20, in cooJed DAlT taris (lO-Q^Stf SET 
All run parameters, reagent source and itot hSSrS"* 



• "J" Pef u°^ * U£5ue) 80(1 the i» ho- 

mogenized using first the Jo se-and tben then the iicht.fi,. 

5 strokes with 

eacn pest e and is carried out at room temperature became l*rr,*A 7;- " J ?Vf 10 avo,a «■« «*« of hot ae»m~ 

urea would crystallize out in the cold. Once the liver <-™u s "° od - d, »M>»OMl slab gels are run ovemiihY L 

b thoroughly homogenized in the so utilizer i « 2 1 , 2 °' C °° ,ed DAlT ^ «tt Sfe c£uffi? 

of the urea and NF-40 detergent) and the TSvS irS 
vated by the high pH (-9.5). Therefore t£iSS^S 
be kept at room temperature until they can be cenirifiSd 
or froien as a group (within several hours of prepaS? 

X g for 12 mm using a Beckman TL-100 centrifuge) The 
centrifuge rotor is maintained at just below mrm 
«ure 15-20-C), but not 100^^?™^ 
precipitation of urea.The centrifuge of choice is a Beckman 
TL-100 because of the sample tube sizes available bu^Sv 
ultracentniuge accepting smallish tubes wjjj suffice K 
an appropriate centrifuge is not available near h '.he of 
sample preparation, samples can be froien a« -SOT £nd 

uSTeJET '° Centrifu ^ ,i0 " and colkaion of L P e™ 
tarns. Each supernatant is carefully removed following cen- 
nfugation and aliouoted into a. leas, 4 clean tubes of s.or- 

cSj^h!? by lr ' Mfernn * 8,1 ,he «»Perr.aunt to one 
clean tube, mixing this gently (to assure homogeneous 
composition) and then dividing it i nl0 4 ali qu ?u Kf 
quots are frozen immediately at -80»C. These ™iiir?>! S" 



22 Two-dimensional electrophoresis 

Sample proteins are resolved bv2-D electrorhor#.«;. 
the 20 X 25 cm Iso-Dalf 2-D gel svsVem (pSl" D Jf 
duced by LSB and by Hoefer Scientific l«trtme n ' \ °„ 
Franc.se ) operating with 20 gels per batch. All f,rs "o rne n 
sonal.soelectncfocusing(IEF)gels are prepared lusin?the 

(luliTt: .^ dardi2ed <* carrier ampho v« 

(BDH 4-8A in the present case, selected bv LSB's batch- 
testing program for rat and mouse database work-^A 10 

and the gels are run for 33 000 to 34 500 volt-hours Ssins a 
progressively increasing voltage protocol implemented I by 
a programmable high-voluge power supply An An «. 
I>que" computer-controlled gradiem-castina 
dueed by LSB) is used to prepare seco^-dtoeSnaft 
.urn dodecyl sulfate (SDS) polyacrylamidrgrad' en, slab 

the lower 95 % of the gel vanes linearly from 1 1 % to 1 8 %T. 

This system has recently been modified so as to emolov a 
commercially available 30.8<*T acrylamide/Ar JV-metKe 
nebuacrylamide prepared solution (thus Slff 
dhng of the solid acrylamide monomer) and Sfree a / rf T 
uonal stock solutions: buffer (made from Sigma Jr ££" « Computer analysis 

amine (TEMED). Each, gel is identified by a comouter. 

ner of the gel. First-dimensional IEF tube geS are loaded 



Following SDS-electrophoresis, slab gels are stained f«, 
ma«sie Blue r, -> <n 1,1 ? • " of a gram of Peered Coo- 

2.4 Positional sundardization 
The carbamylaied rabbit muscle cre a tine 



Stained slab gels are digitized in red light at 134 micron r. 
so jut,on. using either a Molecular Dynam L ^laseTscanner* 
(w«h Pixel sampling) or an Eikonix 78/99 CCD «am»er 
Raw d ^ ltI2cd g , imagcJ are archjved on h ^wg« 

tape (or equ.valent storage media) and a greyscS vSil 
print prepared from the raw digital imwe £Sh £ 
backup of the gel image. Gels are'proc Tsed uslnj t he IE 
ler* software system (produced by LSBi » r„« ^f" 
available w rkstation^based 2^ ^ 
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some of the principles of the earlier TYCKO system f34- 
41], Procedure PROC00S is used to yield a spctlist giving 
position, shape and density inf rmaiion for each delected 
spot. This procedure makes use of digital filtering, mathe- 
matical morphology techniques and digital masking to re- 
move the background, and uses full 2-D least-squajes opti- 
mization to refine the parameters of a 2-D Gaussian shape 
for each spot. Processing parameters and file locations are 
stored in a relational database, while various log files detail- 
ing operation of the automatic analysis software are ar- 
chived with the reduced data.The computed resolution and 
level of Gaussian convergence of each gel are inspected 
and archived for quality control purposes. 

Experiment packages are constructed using the Kepler ex- 
periment definition database to assemble groups of 2-D 
patterns corresponding to the experimental groups (e.g., 
treated and control animals). Each 2-D pattern is matched 
10 the appropriate 'master" 2-D pauern (psnern 
F344MST3 in the case of Fischer 344 rat liver), thereby 
providing linkage to the existing rodent protein 2-D data- 
bases. The software allows experiments containing hun- 
dreds of gels to be constructed and analyzed as a unit, with 
up to 100 gels displayed on the screen at one lime for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gels. For each treatment, proteins 
showing significant quantitative differences vj. appropriate 
controls are selected using group-wise statistical parame- 
ters (e.g., Student's t-test, Kepler* procedure STUDENT). 
Proteins satisfying various quantitative criteria (such as P< 
0.001 difference from appropriate controls) are repre- 
sented as highlighted spots onscreen or on computer-plot- 
ted protein maps and stored as spot populations (i.e., logi- 
cal vectors) in a liver protein database. Quantitative data 
(spot parameters, statistical or other computed values) are 
stored as real-valued vectors in the database. Analysis of co- 
regulation is performed using a Pierson product-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinate!}' regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein map, and reponed together with the statis- 
tical criteria used to assess the level of coregulation. Multi- 
variate statistical analysis (e.g., principal components 1 ana- 
lysis) is performed on data exported to SAS (SAS Institute). 

2.6 Graphical data output 

Graphical results are prepared in GKS and translated 
within Kepler* into output for any of a variety of devices. 
Linedrawing output is typically prepared as Postscript and 
printed on an Apple LaserWriter. Detailed maps presented 
here have been generated using an ultra-high-resolution 
Postscript-compatible Linotronic output device. GreyscaJe 
graphics are reproduced from the workstation screen using 
a Seikosha videoprinter. Patterns are shown in the standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left. 

2.7 Experiment LSBC04 

In the study described here 12-week-old Charles River 
male F344 rats were used. Diets were prepared at LSB, 
based on a Purina 5755M Basal Purified Diet. Lovastatin 
and cholestyramine were obtained as prescription pharma- 



ceuticals, ground and mixed with the diet at concentrations 
of O.OTf % and 1%, respectively. The high cholesterol diet 
was Purina f S01M-A (5% cholesterol plus 1 % sodium che- 
late in the control diet). Animal work was carried out by Mi- 
crobiological Associates (Bethesda,MD). Animals were ac- 
dimatized for one week on the control diet, fed test or con- 
trol diets for one week, and sacrificed on day 8. Average 
daily doses of lovastatin and cholestyramine in appropriate 
groups were 37 mg/kg/day and 5 g/kg/day, respectively, 
based on the weight of the food consumed. Liver samples 
were collected and prepared for2-D electrophoresis accord- 
ing to the standard liver protocol (homogeni2ation in 8 
volumes of 9 m urea, 2% NP-4Q, QJ% ditbiothreitol, 2% 
LKB pH 9-11 carrier ampholytes, followed bv centrifuga- 
tion for 30 min at 80000 X g). Kidney, brain'and plasma 
sampies were frozen. Gels were run as described above, 
and the data was analyzed using the Kepler* system. Gels 
were scaled, to remove the effect of differences in protein 
loading, by setting the summed abundances of a large num- 
ber of matched spots equal for each gel (linear scaling). 



3 Results and discussion 

3.1 The rat liver protein 2-D map 

F3-4MST3 is a standard 2-D pattern of rat liver proteins, 
based on the Fischer 344 strain. This pattern was initiated 
from a single 2-D gel and extensively edited in an experi- 
ment comparing it to a range of protein loads, so as to in- 
clude both small spots and well-resolved representations of 
high-abundance spots. More than 700 rat liver 2-D patterns 
have been matched to F344MST3 in a series of drug effects 
and protein characterization experiments, and numerous 
new spots (induced by specific drugs, for instance) have 
been added as a result. A modified version including addi- 
tional spots present in the Sprague-Dawley outbred rat has 
also been developed (data not shown). Figure 1 shows a 
grayscale representation and Fig. 2 a schematic plot of the 
master pattern. More than 1200 spots are included, most of 
which are visible on typical gels loaded with 10 \xL of solubi- 
lized liver protein prepared by the standard method and 
stained with colloidal Coomassie Blue. Master spot num- 
bers (MSN's) have been assigned to all proteins, and ap- 
pear in the following figures, each showing one quadrant of 
the pattern. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrant. Fig. 4 the upper right (basic, 
high molecular mass) quadrant, Fig. 5 the lower left (acidic, 
low molecular mass) quadrant, and Fig. 6 the lower right 
(basic, low molecular mass) quadrant. The quadrants over- 
lap as an aid to moving between them. The gel position (in 
100 micron units), isoelectric point (relative to the CPK in- 
ternal p7standards) and SDS molecularmass (from the cali- 
bration curve in Fig. 8) are listed for each spot (Table 1). Be- 
cause of the precision of the CPK-p7 values, these parame- 
ters can be used to relate spot locations between gel sys- 
tems more reliably than using p/ measurements expressed 
as pH. A major objective of cunent studies is the identifica- 
tion of all major sp is corresponding to known liver pro- 
teins, as well as rigorous definitions of subcellular orga- 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse liver 
maps, allowing detailed comparisons of gene expression ef* 
fects in the two systems.The results of these studies will be 
presented systematically in a later edition of this database. 
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to comprise an additional related pair (1253 and 1001) of 
around 40 kDa and a single spot (1119) of around 28 kDa. 
Because these two presumed proteins are present at sub- 
stantially lower abundances than 4 13, and because the cyto- 
solic HMG-CoA synthase is reported to consist of only one 
type of polypeptide, they are likely to represent other, very 
lightly coregulaied enzymes. A second group of six spots 
was selected based on a regulatory pattern close to the in- 
verse of that for spot 413 (MSN's 34,79, 178, 181 204.347; 
data not shown). For these proteins, the lowest level of ex- 
pression occurs with exposure to iovastatin plus cholestyra- 
mine and the highest level upon exposure to the high-cho- 
lesterol diet. Spots 1E2 and 79 are highly correlated and lie 
about one charge apart at the same molecular weight; they 
may thus be isoforms of a single protein. The other four 
spots probably represent additional enzymes or subunits. 

3 22 MSN 235 and coregulaied spots 

A third group of five spots, mainly comprised of mitochon- 
drial proteins including putative mitochondrial HMG- 
CoA synthase spots, showed a modest induction by Iovasta- 
tin alone, but little or no effect with any of the other treat- 
ments (including the combination of Iovastatin and choles- 
tyramine; Fig. 12).This result is intriguing because Iovasta- 
tin was expected to affect only the regulation of enzymes of 
cholesterol synthesis, which is entirely extra-mitochon- 
dria!. Three of the spots (235, 134, 144) form a closely- 
packed triad at approximately 30 kDa, and are likely to re- 
present isoforms of one protein. All three spots are stained 
by an antibody to ibe mitochondrial form of HMG-CoA 
synthase obtained from Dr. Greenspan. Subcellular fractio- 
nation indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at about 69 kDa) are 
each present at lower abundance than the members of the 
triad. 

3 2 2 An example of as anti-synergistic effect 

A sixth spot (367) shows strong induclion by Iovastatin 
(two- to threefold), and about half as much induction with 
Iovastatin plus cholestyramine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig. 13). 
This pr tein is also mitochondrial, and represents the clear- 
est example of an anti-synergistic effect of Iovastatin and 
cholestyramine. The existence of such an effect demon- 
strates that Iovastatin and cholestyramine do not act exclu- 
sively through the same regulatory pathway. 

33.4 Complexity of the cholesterol synthesis pathway 

Taken together, these results suggest that treatment with Io- 
vastatin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA, while cholestyramine, on the 
other hand, either alone or in combinati n with Iovastatin, 
produces a strong effect on the putative cytosolic pathway, 
but little or no effect on the putative mitochondrial path- 
way. An explanation for this difference may lie in lovasta- 
tin's effect on levels of HMG-CoA and related precursor 
compounds that are exchanged between the cytosol and 
the mit chondrion, whereas cholestyramine should affect 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels. It remains to be explained why some 



proteins of the putative mitochondria] pathway art so 
much mere variable in their expression in ail groups. An ex- 
amination of all the coregulaied groups suggests that quasi* 
titative statistical techniques can extract a wealth of inter* 
esting information from large sets of reproducible gels. The 
abundance of spots in the 4 13 coregulation group, for exam- 
ple, shows an amazing level of concordance in their relative 
expression among the five individuals of the Iovastatin and 
cholestyramine treatment group. This effect is not due to 
differences in total protein loading, since they have already 
been removed by scaling, and since proteins wiib quite dif- 
ferent regulation patterns can be demonstrated (e.g.. Fig. 
13).Such effects raise the possibility that many gene ^regu- 
lation sets may be revealed through the study of a suffi- 
ciently large population of control animals (/.e\, without 
any experimental manipulation). This approach, exploiting 
natural biological variation in protein expression instead of 
drug effects, offers an important incentive for the construc- 
tion of a large library of control animal patterns. 



4 Conclusions 

Because of the widespread use of rat liver in both basic bio- 
chemistry and in toxicology, there is a long-term need for a 
comprehensive database of liver proteins. The rat liver mas- 
ter pattern presented here has proven to be an accurate re- 
presentation of this system, having been matched to more 
than 700 gels to date. As the number of proteins identified 
and the number of compounds tested for gene expression 
effects grows, we expect this database to contribute valu- 
able insights into gene regulation. lis practical utility in sev- 
eral areas of mechanistic toxicology is already being de- 
monstrated. 
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master pattern, rendered as a greyscaie image using a videoprinter 
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figure S. Plot of number of amino acids versus gel r-position. with fined 
curve used to predic: molecular mass of unidentified proteins. 
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4 figure Z (a) Plot of computed isoelectric point versus gel JT-posiiion for 
two sets of carbamylated standard proteins (rabbit muscle CPK (+) and 
human hemoglobin 0 chain, filled diamonds) and several other proteins 
(shaded squares), (b) The identities of the various proteins represented 
by the squares are indicated by the numbers in corresponding positions 
on (a); these refer to Table 4. 
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Figure P. Montage showing effects in the 
region of MSN:413.The montage shows a 
small window into one portion of the 2-D 
pattern, one row of windows for each expe- 
rimental group, and one panel for each gel 
in the experiment. The left-most pattern 
in each row is a group-specific copy of the 
master pattern followed by the patterns 
for the five individual rats in the group. 
The highlighted protein spots (filled circ- 
les) are spot 413 (on the rignt of each pan- 
el; identified as cytosolic HMG-Co A syn- 
thase) and two modified forms of it (1250 
and 933). From the top, the rows (experi- 
mental groups) are: high cholesterol, cod*. 
trols. cholestyramine, lovamtin.and lova* 
statin plus cholestyramine. 
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figure 10. Bargraph showing the quantita- 
tive effects of various treatments on the 
abundance of MSN* 13 (cytosolic HMG- 
Coa synthase) in the gels of Fig 9 




figure //. Bargraphs of a series of six core- 
gulaied spots including MSN:413. J n the 
bargraphs. the abundances of the appro* 
pnate spot (master spot number shown at 
ihe top of the panel) in each animal are 
shown. The five f.ve-ammal groups are in 
the order (left to right): high cholesterol 
controls, cholestyramine, lovasutin. and 
lovasutin plus cholestyramine. Each bar 
within a group represents one experimen. 
ui animal liver (one 2-Dgel). Note the cor* 
related expression of the 6 spou espe- 
cially .n the two far right (most strongly in- 
duced) groups. 




367 




Figure 13. Data on spot MSN:367. presented as in Fig. U.This protein 
shows unambiguously the anu'*synergisiic effect of lovastatin and choles* 
tyramine (fifth group) as compared to lovastatin (fourth group). This res- 
ponse contrasts strongly with the regulation pattern seen in Fig. 11. 



7 Addendum 2: Tables 1-4 

Table 1. Master table of proteins in the rat lWtr database*' 
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MSN 
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MSN 



3 


911 


434 


5 




CM 


• 


e»4 




1 ■ 


Ctfl 
»4» 


266 


19 




520 






KM 


10 


906 


414 


19 


755 


296 


20 


649 


403 


21 


1204 


446 


22 


332 


434 


23 


787 


424 


24 


313 


417 


25 


607 


516 


27 


1184 


524 


26 


1263 


446 


29 


743 


605 


30 


766 


112 



32 1216 

-33 1145 

34 1037 

35 8G3 



36 
38 
39 
41 
42 
43 



712 
763 
304 
1165 
684 
1316 
1924 
1203 



417 
445 
555 
412 
606 
694 
470 
569 
607 



47 1391 

48 309 



49 

SO 
51 



605 
621 
1113 



52 1620 

53 725 



54 

55 
56 



2001 
722 
678 



57 1662 

58 1091 

59 1171 

60 1400 



61 
62 
65 
66 



1653 
1688 
735 
1263 



67 1252 

68 779 

69 1064 



71 
72 
73 



656 
638 
1582 



74 1570 

75 1264 

76 1338 

77 1633 

78 1767 

79 925 



80 
81 



534 
1811 



82 1412 

83 1471 

84 1662 

85 1596 



86 
87 



1817 
516 



88 1569 

89 1706 

90 651 

91 1415 

92 1773 

93 1338 _ 
W 1708 696 



362 
566 
447 
454 
567 
535 
522 
499 
177 
500 
830 
533 
302 
560 
565 
624 
506 
567 
297 
312 
407 
692 
296 
569 
545 
563 
556 
621 
564 
363 
565 
738 
696 
363 
681 
347 
563 
479 
301 
1371 
698 
719 
329 
710 
545 



c-35.0 
-24.3 
-16.0 
-25.2 
-15.3 
-21.6 
-14.0 
-17.5 
-20.9 
-8.7 
c-35.0 
-16.6 
«-35.0 
-16.1 
-0.0 
-8.0 
-17.8 
-17.2 
-8.6 
-0.5 
-113 
-14.9 
-18.7 
-17.3 
c-35.0 
-9.2 
-19.6 
-7.3 
-0.1 
-8.7 
-6.3 
«-35.0 
-22.5 
-21.8 
-10.0 
-0.9 
-18.3 
>0.0 
-18.4 
-19.6 
-2.5 
-103 
-9.2 
-6.2 
-0.6 
-0.4 



Y CFKol S0SMW MSN 



-18.1 
-6.0 
4.1 
•163 
-10.8 
-20.6 
•21.2 
-3.6 
-33 
-8.0 
-7.0 
-0J 
•1.5 
-13.6 
-26.1 
-1.0 
-6.0 
-5.0 
-27 
-3.4 
-0.9 
-27.0 
-3.5 
22 
-20.6 
-6.0 
-1.4 
-7.0 
-22 



63J00 
102,900 
64^00 
101.000 
55.200 
50300 
66300 
90.200 
67.900 
62.100 
63.600 
65.000 
66.000 
55,500 
54.900 
62.400 
49.000 
348.600 
66.000 
62300 
52.400 
66.600 
46.900 
43.800 
5S.800 
51.400 
46.800 
50.000 
74.600 
50.200 
€2,300 
€1.500 
50.100 
53.900 
55.000 
57,000 
170.800 
56.900 
37.300 
54.100 
8S.000 
50.600 
50300 
47.800 
56.200 
51.500 
90.500 
85.900 
67.300 
43.900 
90.800 
50.000 
53.100 
50.400 
52300 
48.000 
51.800 
74.400 
51.700 
41.600 
43.600 
74.500 

44300 

77.500 

51.600 

56.900 

89.100 

17.400 

43.600 
42.500 
81.700 
43.000 
53.200 
62300 
43.700 



95 
96 
57 
96 
90 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
113 
114 
115 
116 
117 
116 
120 
. 121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
138 

140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
156 
159 
160 
161 
162 
164 
166 
167 
168 
169 
170 
171 
172 
173 



1119 
1731 
1033 
1406 
578 
2004 
1106 
462 
665 
773 
312 
1769 
1585 
1692 
1482 
778 
1728 
1191 
12S6 
662 
1146 
1548 
1050 
1530 
638 
1572 
23 
€21 
1298 
672 
1000 
1229 
1422 
1776 
1930 
660 
666 
1271 
1161 
453 
1856 
1504 
1466 
1689 
311 
1366 
1429 
615 
2006 
2006 
1070 
1347 
541 
1645 
1269 
1507 
1722 
932 
1031 
1970 
1256 
1275 
1663 
1034 
1953 
1020 
1566 
1905 
1340 
1506 
1338 
1969 
800 
476 
919 



536 
756 
566 
565 
1149 
538 
€23 
455 
630 
1162 
1117 
509 
720 
807 
593 
516 
700 
680 
165 
907 
610 
849 
577 
828 
423 
712 
1433 
1474 
862 
921 
717 
311 
832 
499 
757 
537 
1019 
862 
1369 
1063 
823 
667 
707 
756 . 
1417 c . 
915 
346 
1017 
566 
516 
1106 
578 
1481 
760 
236 
911 



503 
294 
664 
183 
417 
820 
527 
771 
1482 
606 
565 
181 
563 
678 
541 
378 
956 
1314 



-9.9 
-20 
-11.4 
-6.1 
-23.8 
>0.0 
-10.1 
-26.5 
-20.2 
-17.0 
c-35.0 
-1.5 
-3.6 
-24 
-4.8 
-16.9 
-2.0 
-8.9 
-7.5 
-19.6 
-9.5 
-4.1 
11.1 

-o 

-15.4 
-3.6 
c-35.0 
-21.9 
-7.5 
-14.7 
•12.0 
-8.4 
•5.6 
-1.4 
-0.1 
•20.4 
•20.2 
-7.9 
-9.3 
■29.7 
-0.6 
-4.6 
-4.8 
* -2.4 
c-35.0 
-6.7 
-5.7 
-22.1 
>0.0 
>0.0 
-10.7 
-6.9 
-25.7 
•2.8 
-7.9 
-4.5 
-2.1 
-13.5 
-1V4 
>0.0 
-fi.1 
-7.8 
•2.6 
-11.4 

>o.o 

•11.6 
•3.8 
-0.2 
-7.0 
-4.6 
-7.0 
>0 0 
16.3 
28.7 
13.7 



53.800 
40.700 
51.600 
51.700 
25.000 
53.700 
47.900 
61300 
37.300 
23.800 
26.100 
56.100 
42300 
38.300 
49.700 
55.50C 
43.500 
44.500 
160.800 
34,100 
48.700 
36,500 
50,800 
37.400 
65300 
42.900 
15.30C 
13.90C 
36.00C 
33.50C 
42,600 
86.10C 
37.3a 
57.00C 
40.70C 
53.60C 
29.700 
36,000 
16.80C 
26.100 
37.700 
43.700 
43.200 
40.700 
15.800 
33,800 
77,900 
29.800 
51.600 
55.300 
26.500 
50,800 
13.700 
40.500 
117,000 
33.900 
€2.100 
56.600 
91.400 
44 4Q0 
1 €2.400 
65.900 
37,800 
54.600 
40.000 
13.700 
38.400 
51.700 
164.900 
50,400 
44.700 
53.500 
71.800 
32.100 
19.300 



Y CPKef SOSMW 



174 

175 
177 
178 
179 
180 
181 
182 
184 
185 
186 
187 
188 
191 
192 
193 
194 
195 
196 
197 
196 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
210 
211 
213 
214 
215 
216 
217 
218 
219 
220 
221 
223 
225 
226 
227 
228 
229 
230 
232 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 



1364 
825 
1582 
1321 
1069 
1866 
411 
604 
I860 
1997 
279 
773 
1538 
1560 
1618 
1469 
1380 
784 
1227 
667 
2006 
1711 
872 
292 
736 
786 
1224 
439 
1994 
1895 
240 
1700 
902 
1087 
1340 
1591 
1585 
1159 
931 
713 
1479 
965 
934 
1812 
821 
1586 
1065 
1577 
1458 
1440 
1692 
€18 
920 
952 
1611 
1489 
501 
1820 
1357 
711 
1855 
1189 
551 
1348 
460 
1733 
1974 
808 
874 
753 
995 
1690 
994 
508 
1517 



183 

383 
553 
710 
615 
567 
295 
730 
096 
1017 
1113 
296 
807 
674 
667 
555 
266 
632 
1185 
553 
681 
674 
424 
435 
253 
629 
589 
983 
571 
687 
1418 
499 
517 



668 
495 
755 
393 
572 
177 
911 
927 
716 
1045 
411 
1483 
567 
890 
496 
849 
489 
1004 
1138 
1008 
541 
720 
448 
569 
656 
1182 
621 
474 
459 
604 
448 
451 
786 
392 
553 
848 
450 
679 
1006 



MlSIef Uble of P^teins in the rat liver database. show m « » D oi m«,., \ ~ " 620 37.800 

predicted molecular mass (from the standard curve of f£ 8™ number '* eI P°» l '°n U and,), iwelectric poini relative to CPK standard., and 



" -6.7 
-15.7 
-33 
-72 

-10.4 
«0.5 
•32.1 
-16.2 
-0.6 
>0.0 
c-35.0 
-17.0 
-4.2 
-3.9 
-0.9 
-5.0 
-6.4 
-16.7 
-8.4 
-20.1 
>0.0 
-23 
-14.7 
<-35.0 
-18.0 
-16.7 
-8.5 
-30.9 
>0.0 
-0.3 
<-35.0 
-23 
-14.1 
-10.4 
-7.0 
-3.5 
-3.6 
-9.3 
-13.5 
-16.7 
-4.9 
-12.8 
-13.5 
•1.0 
-15.8 
-3.6 
-10.8 
-3.7 
-5.2 
-5.5 
-2.4 
-22.0 
-13.7 
-13.1 
•3.2 
-4.8 
-27.7 
-0.9 
-6.8 
-18,7 
-0.6 
-6.9 
-25.1 
-6.9 
-29.3 
•1.9 
>0.0 
■16.1 
■14.6 
•17.6 
■12.1 
•2.4 
12.1 
27.4 
-44 



162.600 
60300 
52300 
43.000 
48300 
51.600 
91300 
42.000 
34.500 
29.800 
26300 
90.600 
38.400 
44.900 
44300 
52.400 
101.600 
47.300 
23.700 
52.600 
*4300 
44.900 
65.000 
63,700 
107.800 
37.400 
50.000 
31.100 
51.300 
44.200 
15,800 
57.000 
55.400 
44.400 
45.200 
57.300 
40.700 
69.300 
51.200 
170.500 
33.900 
33.300 
42.700 
28.800 
66.800 
13.600 
51.600 
34,800 
57.300 
36.500 
57.900 
30.300 
25.400 
30.200 
53.500 
42.500 
62.100 
51.400 
45.800 
23.800 
48.000 
59.300 
61.000 
49.100 
62.100 
61.800 
39.200 
69.500 
52.500 
36.500 
61.900 
44.600 
30300 
60.400 
37.1 
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MSN 
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259 
260 
261 
262 
263 
265 
266 
267 
268 
260 
270 
271 
272 
274 
27S 
276 
277 
278 
270 
281 
262 
283 
284 
285 
286 
288 
260 
200 
201 
262 
203 
204 
205 
206 
207 
200 
300 
301 
302 
303 
304 
305 
306 
307 
308 
300 
310 
311 
312 
313 
314 
315 
318 
320 
321 
322 
323 
324 
325 
326 
327 
326 
330 
331 
332 
333 
334 
335 
336 
338 
330 
340 
341 
343 



1706 
661 

172S 
406 
1063 
1300 
510 
660 
430 
1044 
2010 
857 
885 
1202 
1350 
1670 
688 
061 
€70 
1848 
1505 
1313 
1314 
1332 
1277 
1301 
1147 
625 
787 
1462 
531 
860 
1162 
218 
1377 
013 
2012 
702 
404 
403 
1843 
1040 
1608 
1210 
1627 
1524 
1760 
1600 
266 
1002 
1316 
1341 
1104 
1480 
850 
1454 
670 
655 
1521 
1567 
1388 



961 
1361 
670 

1127 
172 
673 
437 
1038 
061 
606 
853 
422 
068 
712 
500 
1060 
538 
718 
570 
1084 
525 
1147 
820 
408 
652 
824 
570 
511 
1476 
816 
440 
698 
600 
814 
070 
1523 
667 
178 
1280 
1008 
1585 
583 



1608 
1566 
531 
784 
1050 
1503 
1616 
1854 
1265 
581 
1407 
1351 
1813 



016 
755 
802 
1028 
1451 
1408 
1365 
1305 
523 
1053 
1459 
603 
1404 
626 
101 
676 
677 
409 
1201 
751 
607 
471 
1156 
407 
303 
506 
1004 
868 
585 
1047 
265 
540 



-1.1 
-20.4 
•2.0 
-28.0 
-10.9 
-6.3 
-27.3 
•20.4 
-31.0 
-11.2 
>0.0 
-15.0 
-14.2 
-7.6 
-6.9 
-2.6 
-10.4 
-13.0 
-14.5 
-0.7 
-4.6 
-7.3 
-7.3 
-7.1 
-7.8 
-6.3 
-0.5 
-13.6 
-16.6 
-5.1 
-26.3 
-14.8 
4.3 
<-35.0 
-6.5 
-13.0 
>0.0 
-10.0 
-28.1 
-32.6 
•0.7 
-11.1 
-3.3 
-8.5 
-3 J> 
-4.4 
-1.5 
•M 
<-3£.0 
-OJ 
-7.3 
-7.0 
-10.1 
-4.0 
-15.1 
•5.3 
-20.0 
-20.6 
-4.4 
-3.6 
-6.3 
•30.0 
-3.3 
-3.8 
-26.3 
-16.7 
-10.9 
-3.5 
•3.2 
-0.6 
•8.0 
-23.6 
-4.7 
-6.8 
-0.6 



31.900 
17.700 
44,600 
25.800 
177.400 
45.000 
63.400 
20.000 
31.000 
46.000 
36,300 
65.200 
31.700 
42.000 
40.000 
27.100 
53.700 
42.600 
51.300 
27.300 
54.800 
25.100 
37.400 
67.200 
46,100 
37.600 
50.700 
55.000 
13.000 
37.800 
62.000 
43.600 
48.700 
36.000 
31.300 
12.400 
45.300 
168.200 
20.400 
30.100 
10,300 
40.800 
30.000 
33,700 
40.700 
34.700 
20.400 
14.700 
16.100 
17.600 
16.600 
54,000 
26.500 
14.400 
46.100 
13.300 
47.700 
420.500 
44,800 
44.700 
67.000 
20.100 
40.900 
43.700 
50.600 
24,700 
67.300 
86.500 
40.400 
30.300 
34.900 
50.300 
26.700 
102.200 
52.800 



345 
346 
347 
340 
340 
350 
351 
352 
353 
354 
355 
356 
357 
358 
350 
360 
361 
362 
363 
364 
365 
366 
367 
368 
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1052 
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1337 
1576 
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1436 
1539 
850 
700 
1052 
1413 
1364 
1822 
893 
£16 
451 
777 
1536 
1461 
388 
1126 
633 
1420 
1756 
624 
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646 
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1775 
573 
203 
980 
902 
625 
1651 
440 
1356 
851 
745 
2028 
1066 
629 
1376 
1771 
1045 
964 
1712 
1256 
1517 
1442 
1240 
1309 
2012 
937 
1342 
562 
1073 
481 
501 
751 
635 
1494 
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1565 
571 
1325 
1727 
630 
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1065 
569 
475 
1149 
468 
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613 
617 
574 
502 
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706 
456 
434 
411 
1136 
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685 
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662 
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1543 
607 
546 
212 
437 
593 
279 
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547 
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306 
627 
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313 
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362 
279 
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1406 
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-11.1 
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-7.0 
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•12.8 
-5.5 
-4.2 
•15.1 
-19.1 
-11.1 
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-6.7 
-0.9 
-14.3 
-22.0 
-29.6 
•16.8 
-4.2 
-5.1 
•33.6 
-9.6 
-13.5 
-5.9 
-1.6 
-21.7 
-14.2 
-1.4 
•24.0 
<-35.0 
-12.5 
-14.1 
-21.7 
-0.7 
-30.9 
-6.6 
-15.1 
-17.8 
>0.0 
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•21.6 
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-6.3 

-7.4 
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21,500 
56.700 
57.600 
43.100 
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63,800 
66.800 
25.500 
54.400 
35.000 
37.100 
66.500 
35,100 
15.400 
72.000 
11.700 
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53,100 
133.700 
63,400 
46,800 
96.500 
35.600 
53.000 
14.200 
148.400 
57.400 
29.000 
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37,500 
29,900 
51,100 
106,700 
68.400 
21.600 
36.200 
46,500 
65.700 
24.000 
39.100 
103.100 
74.600 
96.700 
139.200 
46.000 
62.000 
55.600 
29.900 
43.100 
16.200 
40.700 
37.500 
29.000 
37,800 
50.500 
41,100 
37.200 
60.900 
69.300 
27.500 
19.400 
46.300 
86.200 
44.600 
34.200 
23,200 
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646 1166 
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£50 1535 1024 
1C35 
634 
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£52 
£55 



£56 1063 
£57 667 



£26 
542 
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194 

e90 
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645 
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891 
862 
894 
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898 
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900 

901 

903 
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905 

907 
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810 
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913 

914 
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662 
845 
624 
931 
796 
765 
775 
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£28 
681 
1544 
1606 
1237 
1442 



627 1004 
665 464 
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763 
1031 
346 
647 
756 
777 
351 
720 
1111 
757 
594 
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689 
414 

607 
1103 
634 
759 
548 
229 
413 
234 
346 
£26 
570 
428 
243 
703 
1094 
229 
520 
886 
£24 
1303 

1544 

301 
387 
688 
749 
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636 
651 
717 

1123 
891 

1245 
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919 
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1541 
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621 
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623 


629 


242 
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1131 
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625 


1441 


874 
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927 


1487 


1191 
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775 
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1231 


816 


931 


1609 
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632 


810 


900 


933 


965 
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934 
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462 


936 


865 


843 


937 


1421 


1056 



-0.6 
•6.2 

-4.2 
•11.4 

-15.5 
-27.8 
•10.9 
-14.4 
•5.4 
-18.9 
-10.7 
•26.6 
-16.6 
-7.4 
-21.0 
•15.6 
•19.5 
-1.0 
•7.2 
-6.4 
-C.3 
•24.6 
-4.2 

•3.6 
•6.8 
-10.6 
-9.3 
-20.9 
-1.6 
-4.1 
•5.7 
-13.7 
-10.1 
-4.6 
•16.3 
•21.3 
•13.1 
-18.6 
-6.6 
•14.3 
-€.2 
>0.0 
-7.2 
-31.4 
•20.3 
-15.3 
•21.7 
•13.5 
•16.3 
•17.2 
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-14.4 
-15.6 
•16.7 
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-3.3 

•e.3 

-5.5 
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-17.3 

•9.7 

•9.8 
•15.6 

-9.7 

•5.5 
•19.7 

-4.8 
-10.5 

•8.4 

-3.3 
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•12.8 
13.2 
14.8 

•5.8 
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54.900 
26.600 
37.500 
53.400 
127.100 
150.500 
34.800 
46.600 
66.200 
26.000 
77.600 
56.600 
57.000 
34,600 
30.300 
57,400 
66.000 
38,400 
26.300 
77.700 
46,400 
40.700 
38.700 
76,800 
42.500 
26.400 
40.700 
49.700 
57,100 
34.600 
44.100 
66.400 
46.900 
26.600 
47.200 
40.600 
52.900 
121.200 
66.400 
117.800 
77,700 
47.700 
51.300 
64.500 
113.000 
43.400 
27.000 
121.000 
££.200 
3^.800 
37.600 
19.700 
11.700 
89.100 
70.400 

44.100 

41.100 

73.700 

11.700 

25.900 

71.500 
113.200 

64.300 

35,400 
126.200 

23.500 

36.800 

38.000 

45.100 

34.400 

55.100 

60.600 

36.600 

28.400 
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941 1765 
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943 
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630 
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1036 
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860 
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547 
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712 
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616 


956 


768 
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960 


596 


419 


961 


557 


409 


962 


687 


320 


963 


564 


334 


964 


969 


1155 


965 


671 


2S5 


966 


1204 


796 


967 


910 


154 


968 


609 


1048 


969 


1285 


206 


670 


622 


232 


971 


676 


437 


572 


403 


567 


674 


279 


495 


975 


844 


981 


576 


1124 


295 


577 


994 


664 


678 


1612 


642 


679 


749 


1141 


960 


1064 


642 


961 


1167 


911 



963 1762 



964 1344 

965 1024 
967 
968 
990 
991 



816 
785 
1159 

992 1090 

993 1 030 



1508 
317 
1105 
739 1159 



994 

995 
996 



847 

902 
688 . 



997 1815 
99e 1205 



1000 
1001 



617 
966 
970 



1002 1 736 
1003 
1006 



1007 
1009 
1010 
1011 
1012 
1013 



643 1184 
822 487 



875 
291 
1386 
4S9 
€79 



1014 1032 

1015 1629 

1016 1311 

1017 1722 

1018 1015 

1020 1574 

1021 781 

1022 1129 

1023 812 

1024 785 

1025 1290 



1818 1128 
634 



994 
1134 
424 
743 
1219 
464 
63 
317 
446 
739 



736 «-35.0 
344 -65 

-1.5 
-11 J 
-14.9 
-13.0 
•27.6 
>0.0 
-11.8 
-17.2 
-23.0 
-24.8 
•14.4 
-24.5 
•12.8 
•20.0 
-6.7 
-13.9 
-22.3 
-7.7 
•15.6 
-12.6 
•32.6 
<-35.0 
-15.3 
-9.8 
-12.1 
-3.2 
-17.7 
-10.8 
-6.6 
•1.6 
-6.9 
-11.5 
-17.9 
-15.9 
-16.7 
-9.3 
•10.4 
•11.5 
•15.2 
•14.1 
•14 4 
-0.9 
•8.7 
-22.0 
-12.8 
•12.7 
•1.8 
-21.1 
•15.8 
•14.6 
*35.0 
-64 
•29.4 
-19.7 
-0.9 
•11.4 
•3.0 
•7.4 
•2.0 
•11.7 
•3.7 
•16.8 
-9.7 
•15.9 
•16.7 
•7.7 



555 
361 
317 
928 
701 
811 
461 
847 
579 
504 
289 
290 
771 
478 



279 
644 
745 
541 

661 



37.S0T 
35.000 
58.600 
57.100 
57.700 
100.300 
65.100 
41.600 
76.200 
45.400 
151.000 
213.000 
43.400 
53.000 
42.900 
37.900 
174.900 
65.700 
67.100 
63.900 
80.500 
24.800 
106.600 
36.700 
210.300 
28.700 
138.900 
116.300 
63.400 
51.600 
57.400 
31.200 
91,100 
45.4O0 
46.700 
25.300 
46.700 
33.900 
12.800 
84.700 
26.600 
24.600 
52,400 
74.900 
84.500 
33.300 
43.400 
38.200 
60.700 
36.600 
50.700 
56.500 
93.100 
92.700 
40.000 

se.900 

23.700 
56.100 
96.400 
46.600 
41.200 
53.500 
45.600 
25.800 
47.200 
30.700 
25.500 
65.000 
41.300 
22.500 
56.400 
591.300 
84.600 
62.400 
41.500 
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1026 
1C27 
1C26 
1030 
1C31 
1C32 
1C33 
1034 
1035 
1036 
1036 
1040 
1041 
10*4 
1U5 
1047 

ica 

1049 
1050 
1051 
1052 
1053 
1064 
1065 
1056 
1056 
1060 
1061 
1062 
1064 
1065 
1066 
1067 
1066 
1069 
1C71 
1073 
1075 
1C76 
1078 
1061 
1063 
1065 
1090 
1092 
1063 
1094 
1095 
1096 
1099 
1101 
1102 
1103 
1105 
1106 
1107 
1106 
1111 
1112 
1115 
1116 
1117 
1116 
1119 
1120 
1121 
1122 
1123 
1125 
1126 
1128 
1133 
1139 
1147 
1146 



406 
1296 
656 
12S4 
966 
1547 
1361 
1525 
1128 
1226 
1761 
541 
616 
1036 
1439 
1540 
1576 
1069 
949 
426 
1563 
779 
1613 
1360 
264 
1261 
393 

iei7 

1245 
1256 
705 
1181 
529 
506 
1896 
673 
1766 
636 
1663 
626 
971 
1697 
1157 
620 
1867 
2019 
1546 
1545 
61 
1664 
588 
1050 
457 
1864 
1714 
1717 
1876 
547 
1348 
1365 
1078 
875 
1202 
1022 
1905 
1512 
1114 
1464 
1046 
1122 
1722 
1098 
1830 
764 
1968 



tt2 



547 

• 226 
622 
403 
551 
496 
645 
274 
262 
839 
910 
465 
407 
250 
635 
411 

1040 
618 

1365 

1092 
620 

377 

663 

746 

605 

645 

746 

792 

934 

734 

656 

696 

604 



1128 
773 
861 
566 
483 
202 
794 
910 
597 
894 
538 
477 
935 
237 
1048 
667 
797 
532 
649 
546 
722 
1066 
621 
762 
616 
787 
933 
1076 
616 
1301 
677 
452 
657 
802 
892 
825 
569 
1162 
724 



-3215 
-7.5 
-15.0 
-7.7 
-12.3 
-4.1 
-6.4 
-O 
-9.7 
4.5 
-1.6 
-25.7 
-15.6 
-11.3 
-53 
-43 
•3.7 
-10.4 
-13.2 
-31.1 
-3.6 
-16.6 
-3.2 
-6.5 

c-35.0 
•6.0 
-33.3 
-0.9 
4.2 
•6.1 
-16.9 
-6.0 
-26.3 
-27.4 
•0.3 
-14.7 
-1.5 
-15.4 
-0.6 
-15.7 
-12.7 
-2.3 
-9.4 
-21.9 
-0.5 
>0.0 
•4.1 
-4.1 
<-35.0 
>0.0 
•23.3 
-11.1 
-29.5 
•0.4 
-2.1 
-2.1 
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•25.3 
-6.6 
•6.4 
-10.6 
-12.6 
•6.7 
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£2.600 
36.500 
63.000 
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37.700 
€7,900 
£2.700 
£7,200 
46300 
96,300 
1C3.600 
36.900 
34,000 
56.300 
67,300 
105300 
47.100 
66.700 
26.900 
37.800 
16.900 
17.000 
46.000 
72.000 
'£.500 
41.200 
46.000 
46.600 
41.200 
36.000 
33.000 
41. BOO 
45.600 
43.700 
46.100 
46,700 
2£.B00 
36.900 
36,000 
51,600 
56.500 
142.300 
36.900 
34,000 

46.500 
34.600 
53,700 
59.100 
33,000 
116.000 
28.600 
45.200 
36.800 
54.200 
46.300 
53.100 
42.400 
28,000 
48.000 
40,400 
38.000 
39.300 
33.100 
27.600 
48.300 
19.700 
44.700 
61.700 
36.200 
38,600 
34.700 
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51.400 
23.800 
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1162 
1163 
1166 
1170 
1171 
1172 
1174 
1176 
1177 
1178 
1179 
1180 
1181 
1162 
1183 
1164 
1185 
1186 
1186 
1190 
1191 
1152 
1193 
1194 
1165 
1196 
1167 
1196 
1199 
1200 
1201 
1202 
1203 
1204 
1205 
1206 
1209 
1210 
1211 
1212 
1214 
1215 
1216 
1217 
1218 
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1224 
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1242 
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564 
552 
538 
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1096 
1304 
1366 
16G6 
1465 
1459 
1431 
1407 
1363 
1454 
1422 
1394 
1171 
1457 
666 
265 
403 
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£72 
636 
637 
614 
637 
10G5 
1716 
791 
964 
313 
306 
320 
326 
394 
402 
386 
641 
660 
914 
873 
970 
1021 
1392 
1354 
1362 
673 
614 
603 
696 
707 
475 
466 
759 
1324 
1563 
1865 
1612 
1411 
1392 
794 
769 
740 
743 
713 
662 
663 
565 



1158 
664 
400 
387 
367 
£26 
529 
£24 
£14 
£22 
586 
538 
702 
224 
224 
223 
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224 
162 
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214 
286 
1114 
£63 
1262 
1275 
1311 
1253 
1502 
1402 
14C7 

1431 

1364 
1545 
666 
1021 
195 « 
194 
197 
167 
294 
294 
294 
329 
329 
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245 
372 
298 
205 
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540 
542 
539 
623 
628 
447 
1282 
1461 
1170 
1005 
809 
B17 
703 
682 
410 
407 
406 
511 
510 
509 
504 
582 



-13.7 
•3.5 
•21.3 
-213 
•20.2 

-24.4 

-25.0 
-25.9 
-2£3 
-10.2 
-7.5 
-6.6 
-3.3 
•4.6 
5.2 
•£.7 
-6.1 
-6.4 
-5.3 
£.6 
-6.3 
-6.2 
-5.2 
-15.5 
<-35.0 
-32.6 
<-35.0 
-27.6 
-24.1 
•21.2 
-21.3 
•22.1 
-21.3 
-10.3 
-2.1 
•163 
-12.8 
<-35.0 
<-35.0 
<-35.0 
<-3£.0 
33.2 
-32.7 
-33.7 
-21.2 
-20.4 
-138 
-14.7 
-127 
-11.6 
-6.3 
-6.8 
-6.7 
-19.6 
-22.1 
-22.6 
-19.2 
•16.9 
•26.7 
-29.0 
-17.4 
•7.2 
•3.6 
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-17.9 
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35.900 
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55,700 
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£3.700 
43.400 
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125.100 
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164.400 
162.600 
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131.800 
94.200 
26.200 
34.700 
20.000 
20.600 
16.400 
20.000 
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16.300 
16.200 
15.400 
16,600 
11.600 
'£.200 
26,700 
14^,700 
146.800 
147.400 
146.600 
91,400 
91,200 
91,400 
81,600 
81,600 
101 ,800 
112.000 
72.900 
90,100 
135.500 
141,800 
135.500 
53.600 
53.400 
53.600 
47.800 
47.500 
€2.300 
20.400 
14.400 
54.200 
30.300 
38.200 
37.900 
43.400 
44.500 
66,600 
67.300 
67.500 
55.900 
56.000 
56.100 
56.500 
50.500 
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1252 
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547 

530 
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665 
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-27.0 
•12.7 
•22.4 
-203 
-14.1 
-7.4 
-73 
0.0 
-1.0 
•20 
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42.600 
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42.700 

4Z900 

42.800 
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43.100 

42.900 
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43.300 

43.500 

43.700 

43.800 

44.200 

44.400 
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45.300 
45.900 
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46,000 
46.100 
46.100 
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Table 3. Computed p/*s of two sets or cirbaavWd bp«i*;« 

hemoglobin (Hb) «™»***d protein sundirds: Rabbit muscle CPK and hum« 
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•1 
-2 
•3 
-4 
-5 
-6 
-7 
-8 
-9 
•10 
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-12 
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-16 
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-22 
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-27 
-28 
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•1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
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28 
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28 
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28 
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26 
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18 
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1 
1 
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1 
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1 
1 
1 
1 
1 
1 
1 
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6.84 
6.67 
6.54 
6.42 
6.31 
6.21 
6.12 
6.03 
5.94 
5.85 
5.76 
5.67 
5.58 
5.48 
5.39 
5.29 
5.20 
5.12 
5.04 
4.96 
4.69 
4.83 
4.77 
4.71 
4.66 
4.61 
4.56 
4.52 
4.48 
4.44 
4.40 
4.36 
4.32 
4.29 
4.25 
4.22 
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10 
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6 
7 
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5 
4 
3 
2 
1 
0 
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3 
3 
3 
3 
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3 
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3 
3 
3 
3 
3 
3 



1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 



7.18 
6.79 
€.53 
6.32 
6.13 
5.96 
5.78 
5.59 
5.37 
5.14 
4.91 
4.71 
4.54 



-1.8 
-3.2 
-5.3 
-7.2 
-10.0 
-1Z3 
-15.5 
-18.0 
-21.0 
-25.5 
-27.2 
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Tiblt 4. Computed pfi of some fcnown prcuins rela ted ic meisured CPK $ 
Prctein Name 



FIR 
Name 



*ASP #GLU #HIS *LYS *ARG Calc 
3-9 4.1 6D 10J-12J of 



0 Creatine phospho kinase (CPK), rabbit muscle 

1 Fetiy scid-bindinQ protein, rat hepatic 

2 b2-microglcbufin, human 

3 Cartamoyl-phcsphate synthase, rat 

4 Prealbumin { serum albumin precursor), rat 

5 Serum albumin, rat 

6 Superoxid dismuiase (Cu-2n, SOD), rat 

7 Phcspholipase C, phophoinosrtide-specific (?), rat 
6 Albumin, human 

9 Apo A-l lipoprotein, rat 

10 proApo A-l lipoprotein, human 

1 1 NADPH cytochrome P-450 reductase, rat 

12 Retinol binding protein, human 

13 Actin beta, rat 

1 4 Actin gamma, rat 

1 5 Apo A-l lipoprotein, human 

16 Apo A-IV lipoprotein, human 

17 Tubulin alpha, rat 

18 FiATPase beta, bovine 

19 Tubulin beta, pig 

20 Protein disuiphide isomerase (PDI) t rat hepatic 

21 Cytochrome b5, rat 

22 Apo C-ll lipoprotein, human 

Amino acid pi assumed in calulation: 



KIRECM 
F2RTL 
MGHUE2 
SYRTCA 
AERTS 
ABRTS 
A26610 
A2S607 
ABHUS 
A24700 
LFHUA1 
RDRT04 
VAHU 
ATRTC 
ATRTC 
LPHUA1 
LPHUA4 
UBRTA 
FWBOB 
UEPGB 
ISRTSS 
CBRT5 
LPHUC2 



28 
5 

7 
72 
32 
32 

8 
34 
36 
18 
16 
41 
18 
23 
20 
16 
20 
27 
25 
26 
43 
10 
4 



27 
13 
6 
96 
57 
57 
11 
42 
61 
24 
30 
60 
10 
26 
29 
30 
49 
37 
36 
36 
51 
15 
7 



17 
2 
4 

26 
15 
15 
10 
9 
16 
6 
6 
21 
2 
9 
9 
5 
6 

13 
9 

10 
11 

6 

0 



34 
16 

8 
95 
53 
53 

9 
49 
60 
23 
21 
38 
10 
19 
19 
21 
28 
19 
22 
15 
51 
10 
6 



18 
2 
5 

56 
27 
24 

4 
21 
24 
12 
17 
36 
14 
18 
18 
16 
24 
21 
22 
22 

9 

4 

1 



6.84 

7.83 

6.09 

5.97 

5.98 

5.71 

5.91 

5.92 

5.70 

5.32 

5.35 

5.07 

5.04 

5.06 

5.07 

5.10 

4.88 

4.66 

4.80 

4.49 

4.07 

4.59 

4.44 



Real 

CPK 



0.0 
-3.0 
-5.0 
-5.5 
-6.2 
-9.0 
-9.2 
-9.2 
-11.9 
-13.7 
-14.3 
-15.6 
-16.9 
-17.2 
-16.8. 
-17.5 
-19.7 
-19.8 
-21.0 
•22.5 
-25.0 
•26.0 
•30.5 



3.9 4.1 6.0 10.8 12.5 




(Human Genome Project) 



-Physical mapping—— 
(Human Genome F reject) 



AGT- 



- Human chromosomes/DNA- 
(3xt 0 s base pairs) 
(50,000 - 100.000 genes) 



cDNAs « 



-mRNAs 



—•-Genetic diseases 
(Human Ger.cme Project) 



Link with ether databases 

tprcieins. nucleic acids, 
oer.crr.e mapping, etc.) 



-Proteins - 



(About 5,000 in a 
given cell type) 



-cDNAs 



Oiigodeoxyribcnucleotides- 



Cuclitstive and 
■ — *■ quantitative 
comprehensive 
20 gel databases 



Link with other human 
2D gel protein databases 



-Partial protein- 
sequences 
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Partial protein 
sequences of unknown 
human proteins 
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involved. "onoetween the products of the immunological reactions 

Chemiluminescent and fluorescent ,„k.,,„ 

than commonly used radioL^e whe Tused ?££%L °' ^T? ^ 8rt ™~ 
thus provide a basis for the dJL*JZ^^^?7" ' abe,S ,n this «"d both 

methodologies. Enzymes utoliMto^ZtoXZ^ ' n0n - com ^ i ^- immunoassay 
reaction products can likewise be used as TbelT v 7e d.no h TT* Vie,ding 
hence enhanced assay sensitivities Y 9 h ' 9h eHect,ve s P eci,ic activities -nd 

A particular advantage of fluorescent lah»u 
in the possibility they offer of revea EnL ^ , T necessari, Y ""fined to them) lies 
distributed on a, Len\2 support ^J^T^ T*™* '° Ca,i " d in '™rospo£ 
generation of 'ambient 
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INTRODUCTION 

ISllT y , me J h ° dS ' e,yin * on "dioisotopic 

|ng antibody-antigen reactions and th ^% e T ec "a 
bility of JSotop.cally.Jabelled reagents the 

use throughout modern medTc ne and Z, n ° US 
However, in the past few vear ! int °u gy - 
increasin gIy focused on so-S ZeZ^ 
non-rad.o.sotopic, immunoassay methods 
techniques are based on essential ^ , 
anatoical principles but diLTtE mL ,C ^ 
to label the pabular immuno^am fanT^ 
or anal } ,e) whose distributi^ between bo,?^ 
and free moieties (following , he bask ?J , 
reaction) constitutes the afs^E^? 3 ™? 1 
reasons for this interest may be Erou " H ' 7* 
four headings: grouped under 



R. EKINS, F. CHU AND J. MlCALLEF 

fundamental reason for their reclae*,*..*. ~ 
paradoxically, from the cumm nt ltems » i 

extensively discussed rrnl! V ty ~* ve been 

1984; Ekins, 1985) NeJinh?? ? kubu e ' fl/ - 
underlying concern are s fl S ° f the 

stood and § merit ^fc&^S"""*^ 
context. Hussion m the present 

The concept of sensitivity 



• ( 0 .^SSSSSLS"? r omic; 

^ sXt" 0 '"""" °' •"""'•-^ly.e- assay 

(4), and this presentation will centre nriEil 
the concepts which underlie n P r '™"ly on 
development strategy in t^e ™™™™*'y 

,I^ E . ATTA,NM ENT OF 'ULTFtA-Hiru' 
IMMUNOASSAY SENsfriVnY ' GH 

Though, as indicated above, the senc,»K •. * 
rad,o,sotopicaI|y based immun^"'^^ 
has consmuted one of the principal fLS dS 
of thetr widespread use ovefth £ t Ty'Tl 



d^grTetn'^aXT C ° nfUS ''° n has 
it.V Llf. man fu hor e^a^T ° f ' SenSiliV ' 
with the slope of the d OS e - c « g SS3 ' V sensi,iv "y 
and Berson ]970 a k r Sp ° nse curve ( Ya '°* 

see a.so EW^^^T^fgSfr I9?3; 
widely aereed that \IL • ' 970) " II ,s now 
d«e-^^ c ^?* e n| . not,on lhat a steeper 

erroneou^ The "m a, idTv nf is 

an assay can only bfSwS^M' t?' 
'U lower limit of detection (Fig ?h ) an , 
concept s now emhoHipH • n " and th,s 
agreed' defSn' oMhe' £J" "«™'*>«lly 
•dcntical definition is „ the' n-,-^"'!?"" 

distinguishable ^ om zero anV^ ' eaS ^^ Uam ^ 
detection ,imit. C^^ n n ^ •«> 
represented by the zero-dose ISS'S 8 
precision profile' (Tip vT „ >mercept of the 

estimate (Fig. 2(b)). dose 
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F/B plot 



B/F pi t 




Any plot 



R 3 : 




(ratpentc) 



a. 



b. 



Figure 1. (a) Diagrammatic representation of conventional RIA riptf. r „ 

antibody concentrations plotted in terms of free-bound (F/EI and boundTf ree fflfffSSL? USing high ,hi) and « > 

amount of antibody yields a dose-response curve of oreate? slope T he Sb £S ^T" N ?* ^ ,he USe of 8 ,oww 
impossible to decide, on the basis of the data shown ir Thie «». « u - J P ' bul of lower sl °P e ,n th e B/F plot It is 
higher sensitivity. <b> The sensitivity d.n^ f ^^«!^ * **• the assay s^em 1 

dose measurement (SD (00 ,.,) at zero dose. This is a^X%^^J^l^ vm ^table dose. i.e. the SD of the 
curve slope at zero dose (i.e. ((SD,,.,^,, * cd,^ Th.?i2m^ u ^2^STS^ ft"" 1 bV the 
, plot the dose-fesponse curve. (Note: it is common xo multiply (SD TblTn ^ i CC ° f the coord,nat e frame used to 
ettachmg to the minimum detectable dose estimate itouZ 1™, V ^ acl0r to ,ncrease tne confidence level 

unnecessary step merely adds to confusion --h^ M 



'Competitive' end 'non-competitive' ('limited 
reagent' and 'excess reagent') assays 

A second important misconception in this area is 
the notion that immunoassays relying on the use 
of labelled antibodies (e.g. immunoradiometric 
assays, IRMA) are ipso facto more sensitive than 



those which rely on the use of labelled 'analyte' 
(e.g. radioimmunoassays, RIA); furthermore the 
grounds originally advanced for the claimed 
superiority of labelled antibody methods (Miles 
and Hales, 1968) were partially based on false 
concepts of sensitivity, and thus failed to identify 
the true reasons why certain assay designs are 





error in the measurement f zero dose. reprcsemsThe sSsSitv of^hfi«l tL 6 ,. err0r (AD/D; e * of «• ^^o. * 
of dose values within which AD/O is )ia^^-SUSSR^l^: * ™° tkmg ra " 9e may ** defined 85 th « ™9 
assays (assay I) intercepts the AD axis « aTovver STSS^^^S^Z T ? e ™ re sensi,ive * the 2. 

wider working range. However, assay II rs more precise at higher values of dose, and has a 
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The purely pragmatic sub-clas«ifi<sii n n „. 

anaiyte methods diverts attention from a mor* 
fundamental divide in immunoassay m «h JES 
gy. which relates to the 0|«inI^L™" I ^J 0,0 : 
antibody required in an ^^ZloZ^l 
ns sensitivity. In certain assay Li ?Ih 
be termed '.W r^enr' oS ST 
optima] concentration tends to zero £1" J , he 
.others (which may be 

non-competitive') the concentration Ta ° r 
infinity. It should be panicuS?v^S2 ? u' 0 
the optimal c^lZtf^ ^ 

governed, not only by the S2SiS^ lial,y 
teristics of the JdA^S^S^J^ 
but also by the errors incurred SSSJSSTS 
the assay response. Were an assav <v«Jm ! u 

com D et,W^H a i' a "^ h ^. d ! st,ncli O" between 
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distinction between these two f«r™ , . 
munoassay simply reflet;* . s of iin - 

that fractional annbnJv i d,fferences » the way 
and the fl^h«1,^^ , ? n< y 18 determine/ 
reasons of accuracyJ-tf m! ra,,> ' und «irable— for 

quantities. Ci S belween two 
measurement of SSS assav ' e,i e s on & 
«he total .mSSr^ |i a ,Wy rf b ! ndin « 
system must be small tn«f--. y used in th e 



chemical theory underlying 2 and / hvs,c °- 

binding AeTSZS. ,e aa " n^f * ."""^ 
antibody ( See Fis 3fafl °[ anal > 1e «*h 

impW.lV r«.y V^^^TJ^ 
unoccupied, binding sites «S ., res 'dual, 
the use of concentration! «f P nec «sitate 
«n>. and ^ZTZ^^ ^ «° 
i>' those in which occup ied^i tes a~ h *? * 
measured necessitate use of hi,* ^ rCCt,y 
entrations and are te^d b ° dy COn * 

*«■ 3(b)). This emphis Z e: d ,ha?°Je C dT ,itiVe ' 
n assay design charaaerizinV so calfed ^T^" 
>ve and non-competitive mefhS. COi npeti- 
nrelated to whiS, SS^K^l^^ 
action system is labelled Indeed L " ) ° f the 
• which no label ofanv iw;! ""/""noassays 

-.ic,, pontMSS&S 7^?": " 

"»'ed reagent' (or •compeiitiv"- . °' 



M«.« U „ m . n , of oceupjed ti)#t 
<♦>• 

<♦>-' 

< 
< 

K 

7w °'*** tat»**c amitwty M $u y 



V"" # occuptee sttes 
St pint* 



"NON-COMPETITIVE IMMUNOASSAY" 



At) _ 



lor matimai senni, yn> . 



M...ur.m, B , o, ul , occl)pi . fl ^ 
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k>- k<j- 



"COMPETITIVE IMMUNOASSAY" 



^ Separata 

/ unocc«pi»tf IaM 



^* Labelled antigen 

Laoellee .n„. l0 , elypic , mibo0y 



0 tot mairmal tenuity,^ 

Labeliee antibody 
♦ Annate 



ant'booy bindin 9 . S i,e occupan|T i s ' ref ' c,s h ow 
antibody methods are -noSS22.,v . m 1 e8Sur ^. Labelled 
the ltob.ii d ) antibody are ^XEETk ° CCUpi d si,es °* 
'below r, gh „ when unoccup^ she! 8r i ,U, 8 ' e ' com Pemive' 
ant-gen (below left) 0f ateZ .m m H easored - Labelled 
methods (below c ntre) reiv 1„ * ntHd,m VP'C antibody 
.^occ^eo- by analyte ant are ,h" S < Urernen, of s «« 
competitive' d sign. therefore invariably, f 
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'Competitive* immunoassay % Non-competitive* immunoassay 



10 



I 8 




bel 



i 8 



IRMA 



10 12 



log K 



14 
Ab 




^^^^ and the sensitises achievabte 

activhy labels; the semiiMS^^^'^ ^f?^^ P 1,3 se " s,llvlt y curves assume the use of infinite specific 

sensitivity loss due xo erro ^meacu^mlf tte S r ^ °', am ' b ° dV afC a ' S ° Showrv Shaded areas indicate * h * 
measurement of the response SSbte SKo rom *™ Curves relating to competitive- assays assume a 1% error in 

measurements). No-^omS ^V.™ other than < hose Cerent in label 

upper curves) respectively. Arr^ i^te^nSsd^tr ? "? smibod Y° f 001% and 1% (lower and 

inoicoie sensitivities clomeo for typical non-competitive immunoassay methodolooies 



Conversely, when occupied sites are measured 
directly, this particular constraint does not arise; 
indeed, considerable advantage often derives 
from using relatively large amounts of antibodv in 
the system. 



Sensitivity of 'competitive' and 
'non-competitive' immunoassays 

Competitive and non-competitive immunoassays 
differ significantly in many of their performance 
characteristics in consequence of the differences 
in optimal antibody concentration on which they 
rely. Most particularly they differ in their 
potential sensitivities. Figure 4. portrays the 
sensitivities predicted theoretically as a function 
of antibody binding affinity, making realistic 
assumptions regarding the experimental errors 
incurred in reagent manipulation, 'non-specific' 
binding of labelled antibody, etc., and assuming 
the use of optimal reagent concentrations (Ekins, 
1985). Amongst other concepts illustrated in the 
figure is the much greater assay sensitivity 
potentially attainable (using an antibody of given 
affinity) by adoption of a non-competitive 
approach. In short, whereas the maximal sensitiv- 



ity realistically achievable using a competitive 
design is in the order of 10 7 molecules/ml (using 
antibody of the highest affinity found in practice), 
a non-competitive method is capable of yielding 
sensitivities some orders of magnitude greater 
than this. However, Fig. 4 also demonstrates that, 
assuming the use of high affinity antibodies (i.e. 
~10 -10 1/m), maximal sensitivities yielded by 
isotopically based techniques (whether relying on 
labelled antibody (IRMA) or labelled analyte 
(R1A), or whether of competitive or non- 
competitive design) are closelv comparable, i.e. 
of the order of ]0 7 -10 8 molecules/ml. 

This limitation is a manifestation of the fact 
that, in the case of the non-competitive methods, 
an important constraint on assay sensitivity is' 
(under certain circumstances) the 'specific activ- 
ity" of the label used. On the other hand, 
limitation of assay sensitivity due to the low 
specific activity of radioisotopic labels does not 
often arise, in practice, in the case of competitive 
assays, whose sensitivity is generally restricted by 
other factors (Ekins, 1985). The fundamental 
significance of this conclusion is that, only by the 
use of labels possessing specific activities higher 
than those of the commonly used radioisotopes in 
assays of non-competitive design, can current 
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Ksay will usually have „J » ccmpenriye 

. x f'Mty (assuming expeST," ™ ° °" 
'«! in reagen, man^i^onL * " ,Cur - 
Senerally encoumered in practice) m *sr»tude 

Hi 9 h specific activity non-isotopic label. 

-«» ;•.« Jtb^issnf , iabeis - ,o 

™cep t toftTSSi ™ e TaT,^ ?' 
measurement error' (i.e tnor S ,1 ! ' 8ni " 
menl of the label per a "° ,'i hc """sure- 

their present limit* tfc* - 5 }siems bevond 
involved are ^ 2?^^. ™lecu,es 
counting individual 'detealS S ,ncurred in 
time required to coun^h.i CVenls ' and the 
particular important may assume » 

used to label an iboLc ? ""- 1 ,abe,s ca " be 
alternatively! en" me 'L c f direc «'y; 
yielding aJ^S^^^i reaction's' 
products can be utilized g 5 ° r fluor ««nt 
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Table 



the specific activity of^K5£J lB,h ^* "»h 
"ot. in practice, si^ffi eant , y ****** doe* 
competitive assayS (see Ro inL th ! sensfti WtY of 
«t,vity of ' H maj severelv " i^Jf Wer SDecffi c 
°' competitive assays to « , the Sen *itivity 
which rely en the # «"7*| hormones) 

tope 5e 0T th «s particular radioiso- 

Specific Activities 



'2S| 



Enzymes: 



Chemiluminescent 
labels 

fluorescent labels: 



J u J«e«ab,e event/labeLed moIe . 

m:. n e y c 0 r e e,ectab,e 



rhe importance of background in 
^-competitive immunoassays 

v second imponant factor eoverninp ih* c 
y of noncompetitive LcS^LT^' 
-unoassays is the 'background '' or 'hltl-* ■ ,m " 
Timed in the absence of analvte sine. , S,gna ' 
e measurement of this signal i cIeaHv a ' 
^rmtnam of the error fa'a^^of^ 



^^WST" ba c k ground 
"self, •ambient' signal £„T SUnng ,ns t™ment 

'""dwich' immufoassfv era, Si SUC . h * S ' in 
antibody' supports or in ,£ ' *° h ? ca Pture- 
™thods, cosmi^rayaiVothe? 6 ° f radiois °topic 
Hon sources) and 'no„ « tra neous radia- 

led antibody MM^F 0 *"!* bou " d ' label- 
components^ S^^?,^ * these 
mere ar.thmetic subtraction S i . se ™t»vity: 
absolutely no benefi, 7n con * ° f 

i«« exposure to an. v7e V dUra,l '° n ° f 

amount of labelled antibody hTcreas^ 5 ''" 8 ,he 
^ such antibody bound X ' ncreases the amount 
"lay also increase th P ana,yte; howev er. it 
moiety ,o a Serij"^ b ° Und 
"use a net reduc S ?™° n? ex,enl > *nd thus 
underlies the loss™ Ten £ i This effe « 
concentrations depicted „' Fin 5% an ^° dy 
from Jackson ei al io«m tk g u ( re P rod uced 
underlies the relations^ ihl?" phenomen °n also 
the affinity const'nTo? t ^ttS? 1 ^ 
depicted in Fig 4 Thl ,a oelled antibody 
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.20 L. 



.15 

Sensitivity, o 0 

.10 

(picomoits/littr) 

.05 



Antibody Affinity 

lO ftiitrs/mclt) 




J. 



10 1 0 " !0 9 

Labelled Antibody Concentration 

(mcies/tittr) 

Figure 5. Assay sensitivity (represented by the standard 
dev.ai.on of the zero dose measurement. o e ). plotted as a 

10 L/M) used .n the assay, assuming different levels of 
non-specific b.nd.ng of labelled antibody. (Note an irreducible 
instrument background has been assumed in th# ™ , 
tions represented; this limits tne l^^J^Si 
able, regardless of the concentrat.cn of antibody used ) 



bwer concentration is required to yield the same 
level of analyte binding, albeit with reduced 
tivTty ding ' ,hus leasing assay sensi- 

In summary, the high sensitivity of non- 
competitive labelled antibody methods derives 
essentially from their permitted use of optimal 
concentrations of antibody which (provided non- 
specific binding of labelled antibody is low) 
are generally considerably greater than in com- 
petitive methods, not from the fact that the 
antibody is labelled. Labelled antibody methods 
generally fall in sensitivity as the concentration of 
antibody is reduced towards zero, ultimately 
yielding a sensitivity theoretically identical to tha't 

?L£ m )5 e,,t, J Ve melhods (Rodbard and Weiss, 
1973) (Paradoxically, early exponents of labelled 
antibody methods, whilst claiming them to be of 
higher sensitivity, also concluded that their 
sensitivity was increased by reduction in the 

a / m °VK,x Sf? l,ed amibod y used (Woodhead et 
1971). This incorrect conclusion— based on 
observation of effects on the slope of the 
dose-response curve— exemplifies the many falla- 
cies encountered in the. immunoassay field stem- 
ming from confusion regarding the concept of 
sensitivity discussed above.) Finally it should be 



emphasized that maximization of the sensitivity of 
a noncompetitive immunoassay generally implies 
the selection of reagent concentrations and other 
experimental conditions such that the fanalvte 
signal/background] ratio (i.e. sib) is maximized 
However, this simple relationship disregards 
statistical considerations which arise when the 
numbers of detectable events are very low and a 
more appropriate objective mav, under these 
circumstances, be maximization of the ratio ftb 
(Loevinger and Berman, 1951). 



Other performance characteristics of 
competitive and non-competitive 
immunoassays 

Non-competitive designs also display a number of 
other advantages deriving from the relatively high 
antibody concentrations on which they generally 
rely These include increased reaction speeds 
(and hence shorter incubation times), decreased 
vulnerability to certain environmental effeos 
(which cause variations in binding affinity be- 
tween antibody and analyte), reduced sensitivity, 
dependence on high antibody binding affinity. 

Nevertheless a price has to be paid for these 
benefits; this includes the greater tendency of a 
large amount of antibody to bind molecules 
differing from, but with structural resemblance 
to, the analyte itself, implying a loss of assay 
specificity. This effect generally necessitates the 
use, whenever possible, of an 'immunoextraction* 
procedure using a second 'capture* antibody 
(usually d.rected against a different binding site 
or 'epitope') as shown in Fig. 3(b) This 
technique— the 'sandwich' or 'two-site' im- 
munoassay (Wide, 1971)-thus potentially com- 
bines the twin virtues of ultra-high sensitivity and 
specificity (together with short reaction time) 
features of crucial importance in many diagnostic 
snuat.ons (for example, in the detection of AIDS 
viral antigens). (Note, however, that the loss of 
specificity inherent in non-competitive assay 
designs implies that they are less readily applic- 
able to the measurement of analytes of small 
molecular size, which cannot be simultaneously 
bound by two different antibodies directed 
against different antigenic sites on the molecule. 
Such analytes are generally more appropriately 
measured using 'competitive' assay methods.) 
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Development of ultra-sensitive 
immunoassay methodologies 

" Pnc f er "? ti0n ,hat the deve, opmem of 'ultra- 
sensitive' immunoassay systems (i. e J " 

surpassmg conventional RIA methods in <en , ,™ 
ny) depends on (a) reliance on 'excess reagent' or 
non-compem.ve' assay designs; (b) the use of 
non-isotopic labels dissaving higher S 
actnnnes than commonly used radioiso ope P , f 
the development of efficient separation £, e j2 
(ensunng minimization of non-spedfk anfiboSv 
binding and hence of signal 'backgrounds'), and 
(d) dual or multi-antibody analyte-recoenition 
systems (exemplified by 'sandwich' or Tc s,°e 

Sed?hr a K n,ain/ r reaSe a$Sa >' s P«ificitv, Z 
formed the basis of our own laboratory's im- 
munoassay development since the earlv ^> J5 
1970s (Ekins, 1978). This led us ^ to an 
immediate recognition (Ekins, ]979, J980)'of the 
importance of the in vitro techniques of mono- 
clonal am.body production pioneered bv Kohler 
and M,)stein (1975), which are currently ,h, 
subject of bitter patent disputes ^n the USA 

exacted ?9 P' 198?a ' b) ' 3nd Which ™ £ 
expected m Europe. * 

Meanwhile, of the candidate labels for uw in 
Chemi, --scent and°fl u U ^ 
cent labels offer many attractions. The develoo- 
ment of stable, highly chemiluminescent acridT 
n.urn esters by McCapra and his coileaeue 
CMcCapra et al., 1977) has subsequem y been 
explo.ted by Weeks et al (1983 1984) ^7 ^ 
recently, by several commerJal S I Inu^Z? 
ers; other workers have used more SS^SZ 
chemiluminescent compounds to label i sill 

nojtnic (Whitehead 19S3) 15 a'T'' 1 ""'" 

neednoTbedupliJeohere ° lum<: and 

Common to all the ultra-sensitiv,.' 

assay methodologies relying onZ 'a. ~ 

abe led ,hei f r K d T ndenCe a non-compeUt ve 
abelled antibody, assay strategy whenever' 
•ppropnate; however, for the reasons indka ed 
bove, competitive methods continue m K 
enerally employed for the Zs Z Jm o'f 
nalytes of small molecular size (e.g. theTa^uifc 
rugs, steroid and thyroid hormones etc 
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meant that, even in these case faffi I «7L5? 1 

un onne ed wi h° 25" mm ™*^ Actors 
label per se * ,he panicu,ar ™™ of the 

text, the use of fluorescent l^T"™^ COn * 
sophisticated time-resoSn k combined with 
detection (a cone p ^Tfr 0 ^^ their 
J - F. Tait in 197m V" g from d,scu ssions with 
mid-1970s to offlr IT** US (in lhe 
possibilities for a LI T^" 8 ,0n ^ lerm 
nature includ^ S^J^^ 

indicated^ above However S,t, ^ lmmunoassa y « 
fluorescence techniaueTaUn * ""portantly, 
a simple route to Th e J" a , Ppeared to P rov 'de 

For,„na,f v 7ZL of flu',? SUCh rae,h °*- 
generally 'known as ,L , ? em subs| ances 
(including, fapL.Sto^'eSSS ofe' 3 "* 

d«a S P! ol °"-" d "»°'««„c2 

and a nuorescent decay lime ,nH • ™ )f 
spectrum which imply that Tt i, . '"""J 0 " 
distinguished f rorn fluorescem sub read " y 

onhelanthanPcrel^ 
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measured in the presence of a fluorescence 
background (deriving from extraneous source*) 
which, in practice, approaches zero. Fie 6 
illustrates the basic concepts involved in pulled- 
light time-resolved, fluorescence measurement 
which form the basis of the DELF1A immunoas' 
say system currently marketed by LKBAVallac 

Though it is inappropriate to pursue this 
subject in greater detail, attention should also be 
drawn to the possibilities offered bv phase- 
resolved fluorimetry. This permits separate iden- 
tification of fluorophores differing in fluorescence 
lifetime by their exposure to a sinusoidally 
modulated excitmg light source, and observation 
of their demodulated, phase-shifted, light emis- 
sion (McGown and Bright, 1984). This technique 
offers the possibility both of the development' of 
homogeneous assays (relying on a difference in 
fluorescence decay time of bound and free forms 
of the fluorescent-labelled molecule), and of 
discriminating between two labelled antibodies in 
the context of multi-anaJyte 'ratiometric' im- 
munoassay as discussed below. 

'AMEIENT ANALYTE' IMMUNOASSAY 

Before proceeding to a discussion of the develoo- 
ment of multi-anaJyte assays, another important 

S^'iSS? 1 ' ambiem ana, > ne immunoassay' 
(Ekms, 1983b), must first be examined. Th s 

term is intended to describe a type of immuno- 
assay system which, unlike unconventional 
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methods measures the analyte concentration in 
the medium to which an amibody T%£Ld 
being essentially independent both of jEX 
volume, and of the amount of antibody pS 
This concept is illustrated in Fig. 7, ancf reHes o„ 
the physicochemically-based proposition that 
-hen a Vanishingly small' amount o [ amibodv 
(preferably, but not essentially, coupled to a Slid 
^pport) ,s exposed to an'analvte contaWng 

-mfboSl: l h ' iesuhin l (fractionaD'occupanc? o? 
cm body binding sues solely reflects the ambient 
analyte concentration. Clearly the binding bv 
antibody of analyte results in a depletion of the 
amount of analyte in the surrounding medium 
but provided the proportion so bound is small' 
0-e. less than, for example, 1% of the total), such 
disturbance can be ignored. (This effect is closely 
analogous to that caused by the introduction of I 
hermometer into a medium possessing a much 
arger lher J dty . ^ « £ 

-nee c aused b th£ thennometer . 
£dS ) m thCSe circumst ^ces, be dfrV 
The principles of ambient analyte assay derive 

ec^milnt ' eCOgn j lion that °" immunoassays 
essentially depend upon measurement of the 
fraconal occupancy' by analyte of antibody 

nnhni S,te H f0,l0W ^ 8 reaCti ° n ° f 
^ntibody as d.scussed above (Figs 3. (a) and (b)) 

The fract.onal occupancy of ('monospecific' or 

monoclonal') antibody binding sites n the 

presence of varying analyte concentrations, plot- 




dotation puist 



pnoion counting time 



Tim 



Figure 6. Basic principles of pulse-light, time resolved 
fluorescence. Fluorescence emitted by the fluorophor (typi- 
cally a europium chelate) is distinguished from background 
fluorescence, which decays more rapidly. 
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(AAI) re TL%i Prin . Cip ' e ° f ' ambiem ana, * e ' immunoassay 
The Pactional occupancy IF) of a vanishinolv «£Xt 
amount of antibody (of affinity K) is determined I bV S 
concentration in the medium (|An|). * Mlyle 
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Fhf * ft£ f * COnc , entrati °n. '» portraved 

nl^?A * Tt? f ! e aC,,0n of ana, > 1e bound « ilw 
plotted ,n this figure. (Note: for the <ake of 

generality, all- concentrations in this L re are 

expressed in terms of ]/*. where K is the affinity 

constant of the antibody. For example, ffT2 

10 'L/M, a concentration of 0 1 x UKt^L*. 

10" = 6.02 x ]0 8 molecules/ml.) 

It should be particularly noted that, at antibody 
concentrations of less than ca 0.01 x 1/A'amibodv 

S oS° n nn T** 0 ^ " essemial, y dependent 
solely on the analyte concentration in the 
medium, and » .ndependent of variations in 
antibody concentration. Xhi: reflects the fan hat 
his concentration of antibody binds less than 
approximately 1% of the analyte in the medium 
irrespective of its concentration. This implies for 
example, that the introduction of 10. 100 oM 000 
an .body molecules into a medium contain^ 
billions of analyte molecules will result?"n e "h 
case, ,n virtually identical fractional amibodv 
brnding-site occupancy, the upper limit of anU 

antlL C vT trali ° n being de '"mined 
antibody affinity constant. (An antibody concen! 

tration of 0.01 x l/tfis a hundred-fold^ess than 
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hormone immunc-a^v S ZJ^Sff'J™ 
>s clear that it is of far "wider - but " 

in particular, be uShtd Vfh^ 10 ^ 3nd can ' 
immunosensors and imt " * f 0nstru «ion of 
example is a p Sbe To? T h ° probes - 0ne such 
salivary steroids'that is urr n SyESTT °1 
in our laboratory CnmnrVc- * ng deve 'oped 
coated plasty d pS?^ D £ ' 5 1 

•PPro^TSul*!^^ Und£rlies our 
underdevelopment »^,~~* *° 




. r . Antibody concentration "'" 

•Bure 8. Fractional antibody binding 
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MULTI-ANALYTE 'RATIOMETfiir' 
IMMUNOASSAY SYSTEMS 

The concepts relating to ambient analvie im- 
munoassay and assay sensitivity outlined abov, 

small sample, virtually any number if inrfK^ 

kSSL*™ Se,CCle ' d -3." "menu " d ' "a 
hormone menu, vira antigen menu an -if- 

menu etc.). Many example's 0 fT need o m asfre 
a multiplicity of different anslvtes in the *Zt 
sample exist in medical diagnosis for exannnU 
the routine diagnosis of thyroid d^ e se uT e h 
.s frequently necessary- to measure a numbe o 
different hormones and thyroid-related pTote „? 
At present, clinicians frequently exuenVnrl. 
cuhy in deciding on the best sequence " ^To 

ZZ hi 2 C ° rreCt dia * nosis Su <* P'ob lems 
would be overcome were all i-pIpy-™ - 

measurable a, . cost cZZ^ ^c^ 

ZlZT\° f 3 sj "S)e substance Our o^ 
mmed ate objective is the development of a 
technology permitting the measurement of 1 

of this objective can be briefly indicated 

Murti-analyte assay: general principles 

As discussed above the nntinn ~* 
extremely imponan. and novel concent ?a, Z, 
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system, and sample volume— see fie 81 
exposure of a small number of amihL h °."' 
cules (in the form for examnl?\3 ^ mo,e - 
located on a 7o lid \ \u*Z% ° f 8 m,cr <*POt' 
containing fluid rtltsKpa Vo" 

be removed and evnncVn , earm S P'obe may 
solution containing a Ch r 3 ,<tevel W 
appropriate second 'itHSd^ " 
either a second emm™. .u a ' rec,e<J against 

unoccupied anlibodv bindini "hi ?„ '""J 
small analyre m „|e Cules ?se" 8 Fig 3(W) ^ ° f 

reactive, c^2?i&Z%W£ 

m U ,,ip,e assays ,o be ISaneou parried 
on the same small sample. Fig 9 i|V us , r ™ ,k 
°as,c ideas, and Fig. 10 suchlnVrray 



™ h eas U 7e't% , na, 1 v,eco; in Principle - "°* ib " •« 
poi of anfibod £1 "I"*"'™ 10 " «ing a micros. 
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snti-idiotypic antibody 



Competitive system 



0 fiuorophor Non-competitive system 

Competitive system 

figure S. Basic principle of dual-label ambieni-an»h/i» 

and ^ floor seen, photons emined ,|f? ec T^ The rat,. of 

support, etc., are likely to p| av a n J 
determining final assay sLitivi^chfcct or? 
are, in turn, dependent on the .Vr • re 
which t he parti ^ 

the adsorpt.on properties of antibody supports,' 
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>?ure 10 -Multi-analyie- antibody array P aeh aril u „ 
wospot' represents a Vanishingiy sm w a J?*™* 
'foody directed against an individualize ' ° f 



amibodv binding si;," 3 ' ^""^ °< *™"S 
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-Antibody density* 

_D miecutes'sq. ^m. 

* ******** ***** ****, 
* * * * * ******** * * * * 

; AntlbodY affinity* 

* * ' KUM . 



Avogadro's number: 

A/ molecules/M 



Rgurell. M'crospotambient-snalyteimmuno-ccav tl 



given by the equation: 



F 2 - F{\lq + p / 9 + J) +p/g = Q (]) 

where p = anaJyte concentration, o = antiboHv 
concentration (both expressed in units of I K) * 

- Ofi"; r<Tor^ b,nd ^ "^-entra^ons 
i V •' q u 7' + P); (see Fig 8) 

Likewise, the fraction of analvte bnmSi t 

antibody (/) at equihbrium is given ^^S^ 

f 2 -f(Vp + <3/p+l) + q/ p = 0 (2) 
Thus, for analyte concentration - 0 (i e D < 

wnen q < u.01, and when p ^ 0, / < n 01 
. Expressed in units of l/K; the concentration ( a \ 
jn the assay of 'sensing' antibody situated 0n the 
rnicrospot ,s given by DAK/(v x 6 x 10 2 ") ( "ince 
Avogadro s constant, expressed as the number of 
molecules/mmo I, is 6 x 10*> (a Ppr oxi m Tt e !y)) 
Sf e h ^°K° f K an concentration -! } 0 

number of analvte mo^fcfbo ZKX%?£ 
given by vCDAKl{y x 6 x JO 20 + P ,S 

Case 1: sandwich (two-she) assay. Following 
incubation of sample with antibody, we assume 8 
the sample .s removed, and the rnicrospot thTn 
exposed to a volume K(ml) of a soluifnn !rf 

^xpre^d\n a un^so?^T t,0n ^ * 2 



"^^/eJIiiKf boundby ,abe,,ed 

equation: equ.hbnum is given by the 

^ 2 - r{vp + qip + 1} + QIP m Q (3) 

,^ er L P . repreSentS the anal - vte concentration in 
unhs ^ /°r g ' am,b ^ y S ° ,U,ion ' ex P"«^ n 

Assuming P < 0.01, f = 0/(1 + Q) . (For 

S^?' 2 7 the fraclion of analyte 
molecules bound by labelled antibody = 05 
approximately). Thus, since the number of 
vC^ e ^ 0,eCU J eS bo T d <° th * spot is^ven by 

aSlt (V . X 6 , X + DAK >> ' he number of 
analyte molecules labelled by the second de- 

x 10 + DAK){\ + Q)], and the surface density 

ff;;S es is ^i ven by vCD *0/[(v x 6 x 

( 6 : ^ re r\ assun,in8 that 

> . L 0 x lir ( l e - that the amount of 
antibody , n the system is such that 'ambient assay' 
condmons prevail, then the surface density (Z)-) 

x ?5?n P ? nTi' b0dy m ° ,eCU,es = CDK0/[(6 
„«. ^ u a PP ro *'mately. It should be 

r.Jf?i. "L D ,S inde P ende "< °? both v and V 

!o%-r v 1,0 °' /D = C x *C4(6 x 1(P)0 
+ U )\ - C x constant. A 

If the minimum detectable surface density of 
developing-antibody molecules (i.e. o^ the 
standard deviation of the measurement"* ? 
when C = 0) ,s g,ven by D' min (molecules/um 2 ) 

Sv,.^ represems the minimum detectable 
analyte concentration in the test sample, then 
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disregarding non-specific binding of developing 
antibody within the microspot area, 
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Cmin = D' iB x [(6 x + Q)]iDKQ (4) 

F °^i? m £ ,e ' if (? = 1, £> = 10 s moleculesW K 

r 10 "fi*- = 20 '"^cules/fnnrthen 
i-min = 2.4 x 10° molecules/ml = 10~ ,5 M/L It 
should be noted, in this example, the fractional 
occupancy of the sensing antibody binding sites 
r^JJ minimum detectable analyte concentration 

Case 2: anti-idiotypic antibody ('competitive') 
assay, n this case, we assume that, following 
removal of the sample, the microspot is exposed 
:o a volume V(ml) of a solution of (for example) a 
second, labelled, anti-idiotypic antibody reacting 
vith unoccupied sites on the sensing antibody 
Jsmg similar reasoning as above, we mav 
.kewise assume that the fraction of such <ites 
/hich become occupied by the anti-idiotvpic 
developing antibody is given by 0/(1 + <5) 

here e is the developing-antibody concemra- 
on. However, the minimum detectable surface 
ensity of anti-idiotypic antibody is not in a 
Dmpetitive design, the critical determinant of 
*ay sensitivity; this parameter is essentially 
cant ^ predsion of the densitv measure- 
From Eq. (1) the fraction of sites unoccupied 
' '"JSJte = 1/(1 + P), and the fraaion occuSed 

anti-idiotypic antibody = Q/n + D \t\ + r>\ 
ms, if the CV in the measurement of ant l 
•otyp,c antibody ^is £ the standard deviation is 

in L PK l e) 7 h,S term aIso ^presents the 
> m the estimate of the fraction of sites occupied 
analyte. Since the total number of antibody 

imate of occupied sites as p -» 0 (i e oD') 
>rox.mates tDAQI{\ + 0; the £ D ^ 

X t m * UTfa ?- densit y estima * » thus 
2 ) H? m thC SD in the measurement of 
-tional binding-site occupancy when p _ 0 
ines D min , and hence the minimum detectable 

hus 

n = A™ X [(6 X 102°)(1 + Q)), DKQ (5) 



For example, if values of Q = i n _ in s 
rnolecules/um^, and K - 10" L/M are'assumed as 
in the non-competitive example considered 
above and the CV in the measurement of 
ami-.diotypic antibody density in the microspot is 
I* ( J f 7.° 01) ' then ^ - 5 °0 molecules/ 
S^iS? ? min = f X ] ° ™'ecules/ml = 
JU M/L. Fractional occupancy of the sensing 
anybody binding sites by *£J% a J5JS& 

!h« } M K 0nCemranon ,s ' in this example, 1% It 
should be noted that the sensitivity limi oiji 
(expressed ,n molar terms) is idem 3 1 to that 
previously established for conventionafiompeti 
tive' assays Ekins and Newman 1970) fl nH 
^ underlies the predictionrrVesemed 3 in 

Such considerations appear to suggest (a) that 
microspot assay sensitivities superior tc those 

batdtrn ^ COnventiona ' r P ad7oLSp C h a°,y e 
based immunoassays are achievable, and (b) that 

ss^re £ non - 0 mpetitive miSospo" 

assays are hkely to be considerably greater than 

assays^ It must be emphasized, however that 
though such predictions are likely to prove 

or;re^aTe^ p an^ s • reg r ding the p^— 

oi ine labels and signal-measuring instrument 
used are ^incorporated in the simple SeTca 
analyse d.scussed above. Such factors aiTdeSy 
of .mportance m determining overall microsom 
immunoassay performance. microspot 



Practical implementation 



= tDQI{\ + Q) ± [(6 x I020) ( i + Q)] 

DKQ (6) 

= dK x (6 x l(p) (7 j 



able S S diSCUSSCd ab ° Ve are clear 'y exploit- 
able using a var.ety of antibodv labels including 

chemilummescem labels; however, our* ^3 

ary stud.es have been based on xL u a} 

conventional fluorophores, since theTechnobgy 

of s.multaneous measurement of dual fluoresf 

bS£^„? v'r as is a,ready weM es,ab "^ 

en " e I Un,e / en ', reS °" che miluminesc- 
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ence microscopy, a small area of the specimen is 
illuminated by a focused laser beam; the fluoresc- 
ence photons emanating solely from this area are, 
in turn, focused onto a photon detector. Both the 
intensity of illumination and the efficiencv of light 
collection diminish rapidly with distance from the 
focal plane (Fig. 12). At the 'confocaP point the 
projection of the illumination pinhole and' the 
back-projection of the detector pinhole coincide 
Such systems contrast with conventional e D i- 
fluorescence methods, where the specimen is 
exposed to an essentially uniform flux of illumina- 
tion (White et al., 1987). 

Sensitivity of current instruments. Typically 
fluorescence photons emanating from the laser-' 
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Objectivi 



in Focal Plane 
not in Focal Plan* 



figure 12. Principle of the confocal microscope llluminatino 

from "J? " S d a ' 8 , POim ,he ,0C8 ' P' 8 "*- ReflecredlSS 
from the point is focused onto a detector A comolete 

22E7E^ im " e 0f Structures withi » th fo«l pteSe f 
obta ned by scanning the selected area of interest aSd may 
be stored in a microcomputer for video display 



illuminated area are detected bv a !««, a , 

mmraioed. Fortunately .he overall dSTJS 
small, but can be expected to reduce in relative 

microscope manufactured by Zeiss k 5 1 

display a lower detection ife^u^S l° f 
about ten molecules/um 2 (Ploem S . 

a fluorophore/protein molar ratio of ~Axhu*Z 
detection mit (D* \ n f tu- t ■ . ' s lne 
-2-3 FiTrlknT ■ J he Ze,ss microscope is 
2 3 FITC-labelled IgG molecules/um 2 TTi s 

^24 x .^'-vte-concentration deteSTon £5 
oi 2.4 x ]<p molecules/ml for a two-site a<«v 
assuming the same parameter values « useTfn* 
the examples discussed above, or 2 4 x iff 
mole^les/ml using a 'sensing' antibody of affinily 

R a H/ n i° ,her u COm ^ arable instrument is the Bio- 
Rad/Lasersharp laser scanning confocal m icr£ 
scope, which we are currently Ting i n 
deve'opmem of Tatiometric' muki-anafyte assaj 
methodology m accordance with th. I • • , y 
onlmd a&ve (see f£"u,.7£ ^JSt 
th» system possesses .wo excitation «n« « 488 
and 514 nm. It is thus particularly effic "m for lie 

sucn as FITC (which disp ays an excitation 
max.mum at 492 nm). However,' it is consider^ 
less efficient ,n the excitation of red-emiS 
fluorophores such as Texas red (excitatiorTml, 8 
.mum 596 nm). However, the rZTt^l 
munoassay principle permits considerable vanT 
t«on in detection efficiencies of the "wo labek 
relied on since, inter alia, the specific aSviti«o? 
the two labelled antibody species foS .k 

handicap ,n the present context * J r 
Though the current Lasersharp instniment 
relies on a conventional microscope ratherThw a 
purpose-designed optical system (and aprlea 
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versatile: it can bT£* ! ** ^ 

reflection modes, and 1 VhT S, ° n and 
fluorimeter. The measurinc r ,„ ' gh L y Sensitivc 
shape and size fo? ™" g fie,d can be vari «i in 
spedmen st^c u ^ ^ZZTT* '° 
ogy of sensitive Uto^J**™ 1 **'. 1 ** lechn °'- 
rapidly in respon e o ne eS ? Cm * ' mprovin 8 
space program etc such , /rt 1 aslron omy, the 
readily exploitable' in . ,Mn I n . o,0 »' dearly being 
Deteaor assay ' con^^ immune? 

> >»«™ accordance with lhe 8 brorfT" •?* ,abe,s in 
here. 6 Droad P'maples presented 



Beam 
Splitiers 



Objective 



Antibody srrty 



Antibody microspol 



•vuh Iron, two lluoWo^shSS """^enee 

selected area. Initiaf s?udi« hi m m,cr °spots of 
under conditions ha ?re no 1^ rCV f a,ed ,hat > 
the instrument is £p ab , ZF£T? ]y ° ptimi] > 
•mately twenty-five SShWte?SS n « appr f 0 *- 
*n 2 , scanning an area of 5o l d m ^?^ n ° , ^ ,es/ 
«ust be stressed that ne ther <T,k ^ I4) ' Jt 
nicroscopes are deri^nS?^^ 0 "^ 
atiometric multi-analyte nK5&^ Un i 

> P-e J IikeIv 

her instruments. The MPM 200 m.v 



'ty «o adsorb a high surfed a Sp ' ay 3 Ca P ac " 

clear polystyrene rlat^ f™ J? ' h,te and 
these criteria W ^ n?^? With ' 
fluor microtitre plates f„™I , D >' nalech Micr °- 
the detection of bw fiuoreTce 1 ^ Speda,1 y for 
high ^.OM.oiTrSrc^S 
b^prov.sionany used in o^Z^Z 

Surface density of antibody coatin* Pr*r • 

Verlficalion of the "raliomelrir- !m.._ 

using a panicuTar Intument'^rbe'rr ^ 
on theoretical ground. «o S e ,d h ^S C,pated 
sensitiv ty. Though the e J, y hl ? h assay 
microspol immunoas avs ha 11 " P ° f individua ' 
to be of seconda™ imponll 2 ? appea i[ ed ,0 us 
■M- of our st>d£~at^^ 
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Numbe, c, TO**, lflG „, elecutes CMte<J ^ ^ ^ 
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Figure 14. Fluorescence signal (artmrarv unito 
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Figure 16. Surface density of immunoreactive loG molecule fn.,™^, < 

surface density of . 9 G (number of "-^^^3^^ as a function of the ,ota. 



thought it useful to confirm the validity of our 
general concepts by comparing the performance 
of certain assays when constructed in microspot 
format and when conventionally designed. For 
example, we have compared a dual-labelled 
tumour necrosis factor (TNF) ratiometric assay 
system using Texas red and FITC-labelled anti- 
bodies with an optimized IRMA system using 
identical antibodies but with the second antibody 
Mabelled. Although unoptimized, the 
ratiometric microspot assay yielded formal sensi- 
itivity values closely approaching that of the 
conventional, optimized, IRMA. Although 
.-erifying the general concepts underlying 
atiometric microspot immunoassay methodolo- 
gy, further work is required to achieve the 
:onsiderably greater sensitivity that theory pre- 
dicts as achievable using optimized reagent 
roncentrations and improved instrumentation. 



CONCLUSION 

vs indicated above, differentiation of the fluores- 
tni signals yielded by two fluorophores can be 
tadily achieved solely on the basis of wavelength 
ifferences, and this approach has been relied on 
itirely in our preliminary studies. However, 



other physical techniques exploiting differences in 

fusinP 7n ° f ,W ° °, r m ° re nuor «cence emissions 
2, f ° r example, a pulsed or sinusoidally 
modulated laser source, and time- or phase- 
resolving detectors) are available, and can be 
expected both to further reduce background and 
to improve signal resolution, thus increasing assay 

as, n d S e t,V, f h y , a K d • PreCiS L° n - 71,656 c °™de?ations 
aside, the basic technology involved closely 

reserves that employed in domestic compa« 
disk recorders and other similar data-storage 
devices the obv.ous difference being that light 
emmed from each of the discrete zones forming 
he antibody-array is fluorescent rather than 
reflected, and v.elds chemical rather than physica" 
"formation Indeed, our preliminary studies 
suggest that highly sensitive immunoassays usine 
annbody microspots of surface area approximat? 

2 OTO 000 Hif/ 6 ach,evab,e - M^ng that some 
AOO0.000 differeni immunoassays could, in prin- 

? p,e 2 ' ^ accommodated on a surface area of 
lt m nf ^J° Ug , h non - s P ecific b ''nding of a multiplic- 
ity of developing antibodies would probably 
prohibit the use of antibody arrays of this order it 
.s ev,dent that the technology is capable of 
encompassing analyte numbers of the kind likely 
to be useful in practice. y 
The development of multi-analyte assay sys- 
tems of this kind can be anticipated to bring about 
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fundamental changes in medical diagnosis and 
many other biologically related areas. Systems 
capable of measuring every hormone and other 
endocrinologically related substance within a 
single small sample of blood are within technolo- 
gical reach, providing data which, when analysed 
with the aid of computer-based 'expert' pattern- 
recognition systems, are likely to reveal endoc- 
rine deficiences only dimly perceived using 
current 'single-analyte' diagnostic procedures 
Such systems also provide a means to the 
development of a 'random access' immunoassay 
methodology, permitting the selection of any 
desired test or combination of tests from an 
extensive analyte menu. Dearly the accommoda- 
tion of a wide range of individual immunoassays 
on a small immunoprobe (comparable in its 
overall physical dimensions with a few drops of 
blood) is likely to totally transform the logistics of 
immunodiagnostic testing, and genuinely repre- 
sents, m our view, 'next generation' immunoassay 
methodology. 



Ekig. fcMlWO. More sensitive immunoaa.,* Ncure, 
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Throughout the 1870s, controversy centered both on inv 
^"^^'^nsftivtty- per se and on the relatives^ 
Mhtof labeled antibody (Ab) and labeled araMeS 

couW be surpassed only by the use of very high-spS 
acbvrly J»n«otop,c labels in •'rtoncom^ftr^" oSnT 
preferably with monodonal antibodies. The time-rSS 
fluorescence methodology known as DEUTA-devebSrf* 

ZESLSTf""" nonis °toPfc technique rWon 
these theoretical insights, the same concepts beta su£ 
sequent* adopted in comparable nrnSSJZ fjl 
on the use of chemiluminescent and erayme labels h2 
ever, h^sp^.adMty labels also permH 5£JJE 
mem of yammer immunoassay s^errTcomS 
uttrasensilivity with the simultaneous measuremert d tar? 

SZ^lSSSf re,tes on -"PH. albeit hiZS 
unexplorted. prrystcochemical concepts. The first is that *u 

by anatjje The second is that, provided the Ab conorS 
^dependent of both Ab concentration and sample volume 

involving measurement of the ratio of signals fe o fi^ZL 
cent signals) emitted by two labeled Ate. ^ 
"sensor" Ab, deposited a!s a microVpoic^so^ suol? 

duak*annel scanning-laser co^„X^ " a 
tnj microspots of area 100 <* le«T£1nK" 
^■^thatanarrayof lO^Ab^n^^S 

P»e. oe accommodated on an area of 1 cm 2 Althnunh 
measurement of such anafyte numbers is uXl/S 
Quired, the abUr to analyze biological flZlT^e 
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the Future 



xtyof^picaDy labeled n^F^££** 
such techniques with "exquisite sensitivity- ^^Sf 

topic techniques based on identical analytic*! 

jhj. during only in the nature ^SSSSR 

i£L « (e *> antibody or ar^S.^fo£ 



InMunoasaay and other protem-oinding assay meth- 
a major role in medicine during the past three decade! 
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rwn r"* 8 1 Bound"; and unr 

(W) fractions constrtutee the assay "response.- 

ls^^TLITi this intoSlan be 

broadly classed under four main headings: 

«!Tf? eB J f ^ legal, economic, and 

practical disadvantages of isotonic techniques <Z* X 
ited shdf life of isotopically labSed reagent 
rlrfi^ ' WaSte di3 P° sa1 ' costa^compKTof 

tatrtSS! ParticuJarirS« 
jpedang the development of, for example, simple d££ 
noetic kits/or home or doctor's office use* ^ 
•achievement of greater assay sensitivity; 

cZSESZLSr 0 ** of mttltiple 

of a ^ P? 86 "**™ 1 ^1 focus primarily on the last 
of Jese objectives, using this to ait out the pi£cw£ 
underlymg our present attempts to develona n«TSl! 

l!flTT °, f " n ^ber of analytoein™ 

small biological sample such as a single dropped 
Wer, retention (and. if possible?imp^en^?5 
the high sensitivities of conventional kotmricteA. 
mques * a basic aim not only of our own S int 
area but ako of moat other endeavors falling undertf£ 

u^lyingthea^^ 

Immunoassay Sensltrvrty: Some Basic Concepts 

Definition of Assay Sensitivity 

The need to establish assay conditions yieldine max 
a^l activity underlay the mdependen^nsSicS; 
of^thematical theories of immunoassay d^TS 

course of tie ongmal development of these meiod. to 
fie early lgeOsJiegrtttably, these theoretical studies 

W to a prolonged controversy, arising largely rxomfce 
conflicting ccncepta of "sensitivity-^opted by^twt 
groups (see F»gure 1). Briefly. Berson Vd Yalow^ 
tteir many publications relating to iinTunoIssaT'de! 
ngn (e ^' 5 ). defined sensitivity as the^TTf tt 
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^^S^^!^^ »«isWvi* and precision underlying 
W»«<liM«iiiiinn M ., WIMMK .^, Mt ,, u . _ 



response curve 



reaptmee curve relating the fraction or percentage of 
hbdedanti^bounda,) to analyte conc^^Tff^ 
b contra^ldaa et al. (•*, 2, 4) defined activity £ 
the Qmjpmaion of measurement of zero dose, this 
quantity being indicate of, and essentially equivalent 
to, the lower limit of detection. 
.J 1 * ^ difference between these two definitions 
dearly bee in the dependence of the assay detecti™ 
bnut on the error (imprecWon) in the JS£ST 

£ SE!" V8nable - ? y "ft**"* this crucial factor 
the Response curve , slope" definition leads to mra 
bviou, .absurdities. For example, plotting convenSS 

STu?^? ^ nnaofthe metameter B/F (iT 

the bound to free ratio) suggests that assay "sensitivi^ 

fte system; however, the converse conclusion is reached 
^identical data are plotted in terms ofF%W?^ 
2). Observation of the shape and slot*. afLJjT^ 

totally] misleading guide to optimal immunoassay de. 

fa^^Si"**" a infflunoassay field din- 
ing the past 30 years, and has been the source of much 



jyt^. For example, consideration of the I*w „f 
Mass Action reveals that wk™ .J™. " w rf 

ted in terms of b v. IH], thVma^aW^f^!^ 
is obtained for a ^^^0^^°^ 
affinity constant), in which dmiartaw TSi d£ 

YaWsenunaation of the well-known dictum (whlck 
a^aronew;, is broadly adhered to by^^ 
noassay practitioners and kit manufactui^thatL 
i^f^^A aensitivity, the amount of anttodyTuae 

in the absence of unlabeled antigen (J, J) 

Disagreement regarding the concept of sensitivitv 
mevitaMy led to prolonged disputeTganC^u! 
noassay design (5). However, although itia^ccmm^n 
to encounter publications is the field that rely solely on 
the response curve slope as a measure ofsen/tivityfthe 
assay detection bait is now widely accepted as the nJy 
valid indicator of this parameter, and we do wTSie^ 
fore intend to dwell further on this issue here. ifS 
nevertheless relevant to an understanding of 
S^X? T 7 described Wow to empnt 
mi that untenable concepts of both sensitivi^Sf 
precision underlie many of the commonly accepted rules 
govenung current immunoaasay-design practi^scme 
of which are contravened in our own approach. 




Response curve slope Detection limit 



Ro. 2. Schematic representation of RIA _ . 

N«» that 9m to* vtfbooy co ncsm r s i i on ywida ■ itmm. „ ^ 

**mn pleeted In term of B/F. Th.>Sto^rSL^S , ™ 0 L' 0 ^' " op * 



Basic Immunoassay Designs 

It is likewise important in the present context to 
comprehend the basis of the various types ofimmSoas! 

*nh« of which they are potentially capable. The rX 
immunoaasay and analogous protem-binding aaw 
^hniques originally developed for the measure** 

vitamin B J2 by Ekins and Barakat (7 « relied m tk! 
use of a labeled analyte marker to rU™ \^!SS5 

ure3, left). This approach has subsequently often been 

SHlfJ 81 ^ 8 M betw^nhbeled 
and unlabeled analyte molecules for a limited number" 
pro^in-bxadinf sites, such assays being frequerffr re- 
ferred to as "competitive." ^ 7 

.,.!? r ! 8€n , t£d 40 extenaion of the nabeledVeawrf' 

dJide i? a p - ,od08 1 ulfon y 1 ^de, [»H]acetic aX 
. ' 1 ^l ^" 8Umkr "•^ts) devised, durinTSe 
early 1960s, by Keston et al. (Ji), Avivi eTal. and 
others for quantifying amino acids, steroid and £Sd 

£Z DeS ' T AUh0Ugh «««W»kd antibod/nSS. 
( n^unoraiometnc assays; *mas) were origTy 
Maimed (13) to be more sensitive than methods baBedoa 

ported by neither rigorous theoretical analysis nor 3 
= experimental evidence, and for SmV£ 
mained controversial. Further doubt on their vdMh* 
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R9- 8. Labeled-analyte (fern and labete*..r,»~«.. , . 
•ystemi compared wwefl-anftody (npty asuy 

Jr~5j ■» •» Mntfng '••eSan tug •JiT^* lo meal the 

P^t y r^ b ^^ d ^ ^ in 

authors suggested that ^l?" 1 ^ ^ 

incorporation into the2S"' 0 u ^ radioio <^ 
"aversely, these a2"^ ^ ^eT^^ 
measurement of antigens of aS^** f0r 
ertheJeas, despite the appearand SS^"* 80 Nev. 
belief that Seled antS^^" 5 publicati °n, the 

annlyte methods gained w£. ^IIZ!™*"*** kbeled 
chemists, acceptance among clinical 

A* reason for confusion on thi. • « • 
8«ater potential sensitWfrrf J*L ' " ^ 
** a consewcToftillS? T fonM *«i. 
opposed to s^^^e^i W ^ Mtibod y " 
between labeled^yTand laMeffi^ 
diverts attention fe«ntte^« ^ ttethod » 
superior -ensitivi^c^al^^^ 1 ^ * e 
a^vsi. (see, e.g., ^^tSun^t^ 
fecf separation of the products ofSJS?^* ^ 

optimal antibody con^^^f**. 1110 the 
ity) in a labeled anal^W^L U ^ mal 9&u ^^ 

analyte fraction is measure* ■£!?? fc ?? ldkbd «* 
»"* methods the oXaTan^T " labeIed ^- 
*■<• - which de. 



from the original mean^^^v^ - * d«P**ttr« 

depe n din^^b^ng^SJn^^ ffl, ^ 
maximaJ assav ^m^Z a rr n ;. C0BCfi ot»tion yielcW 



When a "sensor antiiwim* • ^_ ~-***r 
lyte^ntainm^eoWw 7 Jf mtn)duced banana- 
are occupied* anahSLir^ f" 00 *• ^tibody 
that reflects E^eSfe^* 8 ***** S3 
the binding r*Yctum^TS?T C ° a8tant «° v «^aff 

Mediately from thTl^^PTi" 5 ^ 00 
written as* MaM Acfa<m » which can be 

fAbAg]/I£Ab]«jnfAg] 

b^ 0081 0f -tibody binding site., 

fAbAgMAb] » KffAgVd + K[£AgD ^ 

^^d^^'T^ re P—t the 
Wy, and free SffiJ ^ ^ ««. 
tively, and JT - equ^nS conSnt n ^ 
fration of free analyte RenerXZl ? e ^ ^on- 
t^tion. of both toS aTaJ^^S^ ^ C ° DC ^ 
when total antibody spprnSma^ n ^ 
and totaj antiws« rrA^ 168 u - 05/ A or leas, free 

given by «^P^cy of antibody Z 

fAbAgMAb] = K [AgJ/a +KU g» 



""verse*, if the anal^^^^ 
the concentration tends to infinity nnJT^ 
basic measurement rtrateg^^S,^^ four 
lyt*. with measurement o^IIIT !~ labcled ana - 
uct, and labeled an^y ^j^ r8aCtio0 P™* 1 ' 
free or bound pndudJ^y ot^ tff^" 1 ^ 1 rf 
um» nf jinKiJ^ ^ 7 one P^nnjts, in practice. th# 

^ 4ntlb0dv ^fcations anoroachCinSi^ 
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may therefore be categorized «. « . 

venely. techniques in^Sl^pi^^^. C ^ 

a» "noncompetitive.- Thi, dtfe^^^T^ 

^lyreflectsthepropodticn^^m^n^ 

the measurement it STaL « wzmmnu Meirorin 

sure a«STqtn^ bv^ * mea- 

between two l^^titie^^ the difference 

Theae «»cepts are illustrated in sw * 
Portrays basic aBniunoaas^^.f F,gUre 6 ' wh *ch 
men use. Conventional a^t"^ in com " 
anatyte-tecliiuQues^v ™ « SmuJar "labeled- 

binding she., J^£Ek5E* f- T**" 
taneous or seqnentia/wfth llt^ fcon'erther simul- 
idiotypic antftSdy (re^o^J^^- »* anti- 
«n the sensor antibod^y i^^^ 
Purpose. In the case ofVinrieL'to t^SL ftp tte 881,16 
the labeled antibXiS t^itf —J 1 "* «* 
"tibody; after ^0^^^^ 
body may be sennit*! ™v? e » "» sensor anti- 
^ctioTth^uKS^ ^ 

body Unked to a »Iid sup3,Va^ aati ' 
"«gnaP emitted by IabeW?^?*/ reparation, the 
fi.e., the "occMied" £2« bbod y to analyte 

one measure, the U^JSSlw £ * 
ft.e., that attached to th7i^T y ^ * anaJyt* 
^ia-eompSSe/ Mu °o*°rhant), then £e 

Twc-tite "sandwich" assay. rU . 
be^uaethey rely on t!^SSS£lS Z™' 00 * 1 "' 
ered from two points of vil. i£? andcaabe »nsid- 
the ^-phJT^^°^^ Purposes, 

with the laSeTa^-bXe^ 
Pied sensor^tibody bind** 5te ^ ^.fT 
from this viewpoS^^^^eA 

as Noncompetitive.- * aasay8 be 

AtS^T&Jj* «" Terences 
-petitiv'elK 




o- 



♦ 



ss^^srsa^^ 



component (if any) of the t.-^,- 
Indeed, in the cai «r *!! / Byrteni u labeUd. 

of the inununo^^^^ Ve ? hcIe «. design 
on whether a m^Tbfet^T^^^' de »*^ 
or unoccupied antibodv }SS^ by OKupied 

~rfaee. In short theteL^^ ^ oniS 
Petitive- merely Se^ft,^^^" ^ "^o^ 
determination of ^tT^ approaAe - »o the 
sites and lead to d^S^? * bindtoj 
-cen^ation reoutS^^n^^^^ 

both types of assays uH ? eir "ensitivltiei. In 
antibody ajjd^S ^f 01 ?^ coastant ^ of the 
tam « deten^jLS 0 ^ 61 ^ 1 ^^ 
*eaen,itiviryZSS^^ WeVer ' lD 
by the affinity con^forthTa^^^^ 
specie activity of^aijt n,^^' Whereas ^ 
competitive systems JS ^T^ " 
or "manipulation- error iT^' ^ e "P^enteJ- 
^ose response fST; . meas ^«nent of the 
arising from^t^ ^j' error (o^ 
boding the ffi^e^-^ 
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•e] is of key importance in determining "potential- 
Jf *e specific activity of tlJlabejTt iS 

jotertud -enatnty rf • competitive assay can fcj 
to be ow/KRo, whereas that of a nrm JL^Z^ 

ewe. Re u assumed to represent the labeled „lt^T 

nonepeofically hound" antibody. Thus JMAbl-f £ 
fraction of labeled antibody that ™£5ll: » 
bound, and WAbJJ^fJ*^ no ™P?*ealh7 

the relative to (o*5S » t 2 c ?°' Assumn & that 
—w. -i— v . V"«v m the measurement of ih* 

J^ejrespeMe is approximately identical f« -both 
competitive and noncompetitive ■ 
from this ehnple Mn£a7£^2^ * ^ 
of noncompetitive me^TJe^^^T^' 7 
petitive methods by flJ^TZf 
labeled antibody Sat is tma^n^ ^USPV 
example, if the non^cal^d^^^ 0 f" 
a noncompetitive strategy is potentiX ™m i ' 
■enaitivfty 10 000-fold greatcr^^f i,? 1 *" 6 of 8 
*ve approach, other facK hen*^ 

P-ed in term. «»o^S^^*£ 



Compeiiiive Non-compecitive 

• M r^*X "^i -in « ir* 



moJecuiei/niL 




-HS EUSA 
-VSERIA 



Fig 6 

***** m8 «»«nieflr«m««« « ^^.^ 9,8 SD °' *«*o 



«*«w ahem, nte to ^ oi^SdfchiKi ?!L5!^ 



«wanpf«» knmiiMuy, tw^on*! K t£J dM,,w '•P'"* 



label of infinite < a > ^ «*e of . 

these assumptions, the 1% - G,ven 

able in such an assay £ cSfS "J?"* att ^' 
«n«ant of the SoVn^^ t K » ?• 
constant is 10" L^nT f or ""BPle. if the affinity 

^^^"1 " ~ 6 * ™' molecule* 

in consequence tte "™*nt error- arising 
finite t^^TCSJ^ 0 **™ ^eaTl 
^ the upper^ • « ^ 

resulting loss inMn«««'*l- f - X However . the 
bodies^ l^te 18 ^ amall for a^ti. 
a-tibodiea with ^Z<^J^ T " fw> 

activities than^^l HowJ^ J , s P ed fie 
suggest that radiois;^^^^^^ 
activity than 125 I ( e ff X) J??!- fiv* l0Wer 8 P ed fic 
^assays i^s^r^^T^ 

^^^^^^ 
SS;. ^am^retS^ 

mply would utilize lesTJSXa^ 
thereby partially ofisettiM *T Wed 
Pipetting. But the S?SLSi; * P ° W 
fron, j. anal yaia is the 

of achieving immunoassay sensitivSS! £? nd ? Ct * 
about 10' moleculea^nTby vS ^ a ^ 
Pn»ach, irrespective of the natu^ofVe laWu^Tr ^ 
assumes an upper limit to p»,«k~i u7 j. rf one 

the order of lO^lSl * on 

(25) are aiuKed b ^TfrSbtT^ MMy » 
curves are portrayed here JL ^ U ^ 

a»ay d e g lh?52f C0DdUfli ° O6 ^ 

minimum. Fhirthemore ^ n« 1° M ab8ola te 

''"^ tn ~ n ni* S °? v nons P eafic binding is re- 



more. In short, although, uadi «i • ^ eCuJeatoL OT 
noncompetitive ^Xl^f 1 ! a*umstances, 
than corresponding RU ^ n ^T ^ ^ 
of theln^tibcjy * ^r^T"** *° 
« advantage. C^^SSffi^*- 
rbve approach can be naUzS^H ™ e noD «mpet- 
bbela of much higheT^, Atopic 

«« combined with to l? a * parent wheo they 
Rpw 6 deinonarfrateTffp^^ «*t,bodiea; however, 
with affinities of about lO?-!^^ ^ of antibodies 
»V yield a eubstantiai taZl^P™^ W*b 

=ent (initiated ai^JmeW^^^ 

immimoassay methodolo^ n^J fluo «»«Wc 
20. This methodology wSL Z ^°7l f DELFLA W . 
°«^otopic unxnunoS J" t ?l fi ^ t ^-"nsitive" 
The same basTa^^^ 0 ^ * deVclo P ed - 
adopted by many ot£?m™,fi!! "^e^y been 



Ambient Analyte Immunoassay 

Particular attention has been dr»^ u 
fPeaous notion that an antib^oT^^ to ^ 
•mating 0.57JT is required toWSfS * m apprra ' 
conventional hbSSSSgS^SS!^ of 
vnphatly overturned bvtWi!!!? 3 ^ 71,18 P"Pc«tion is 

a new generation of H*^SZl&S* 

^^byenzvTO-ainpiifica- 



Enzyme label 

Chemttuminescem label 
fluorescent iebel 



Toe recognition that *n 
on measuroaent of ^^"""^ 

mununoassay US). TJ^Zmt tZ^T 
aaaay ^Btema that. iinJikTZL-K * deacn * b « 

an antibody is exnosed f^!" " *• "wAuxn to which 
possibility of develoLTTl rf P«-ent The 

Law of ^ ^SS^S^'ft* *~ * 

t>on, representing the ZlZl , tte lowing equa. 

^^^^^-^rAnMAbJ-o (4) : 

JfttSSJr ^be^w.th.t.ibr 

which the ^onaJ ocSn^J?tif 7 - * 

"monoclonal aat^S^^ or 
various analyte ctmr*Z+S*r^ . w Presence of 

than (say) oS^Sj^ ^ 
essentially, being coup tT» ^ P ^^ J * ^ ' 

fonaJ) occupancy ofanSSrf 1 ^* ^ting 
fleets the St co^anS« ^ «Vrt 
dependent of £ S °( aaa l yte, «*» i. 

jy^m, (IC for examptr/^ jS £ m M 1 tibo ^ « the 
bmdiag^te contention* 0 Oi/ir^ 01 ' Mtibei y 
10-" mol^, or 6 02 xuffu-* ^P'eaents 0.01 x 
birding by «tibooy J2> AnaJ^ " 

Ivte in the mediuz^ ° f (Uabound > «^ 
smaJl. the resulting redu^^u^ 6 amoua * bound is 
tion of analyteTS^^^^ntri' 

wnantrationofbmciingW^kfL^^ tf ^ 
<O.0MT. analyte depletion^ ^!f 80r . antibodi o» h 
-d the ey^ ^0^^^ 

rf l ^ convention huT^J^L'T .^^td «> ia^te 

«Ue with [AbJ tad |Anlpff ttnt ^ t,0M "a *» oat intSS^-T 
affinity (con.u^) i/.L"^ 1 '?^ ^ uU Wv ^J^" 

cal for oi/ antibodie. ifthU w«7of^!i * <JU * tioa * S 

anUbodjr with u affinity oflO 5, lLi ™ 0 »n««tr.tioia ofan 
^an affinity of lO^UO^ll? I*™** U 

«»e term "ainbieaP^faSii ■ 
Panry r^ect, th« ~^rjf^ uuljc<l, « that antibnd, o«v 

the aystan, ia ^^S^l^Z^ ""^ug 
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Antibody conctntjition 

v *o» «d BwSruT a» •ceaatna «*, the pm«£?e| 

dent of sample volume. 
These conclusions lead to two fin-*;,— 

a. -ah* „ k, .^Jf^?'*'- 
wpport, nidi flat tie tat^,~L ,™ por ™ • »W 




oazianm number of binding sites ft»*-m 
hgible disturbance (<l*Tto!v ^ *n»e neg- 

Waffinity ^i^^^^ter for 
that the ratio of occbdS fi^Tr^^* 1 * 116 ^^ 

tration of analyte ]L^t^ ^ Bmhiexitetm ^' 
^oin^c,-^^^ ^ * 
Dual-Label Microspol Immunoassay 

(i.e.. the occu^SS ofT 8 " B " d 
molecule is lar^or^SL ^ ^ecule if the 
the antibc* K e rSf - ^^ 
figure 8, right) XI W T* 1 ***** »oJecules 
antibody n^'uTttSSr 1 ^ ^ 

antibody "couplei-^ fona du ^ 
labelin/the^^a^v "» achieved by 

different l^T^^^r* antSbodies 

different na^^o^n ( !? n Iabel8 rf «^ 
Ocularly uX'uftr^^^^?^^ 
optical scanning tectoSau^S? ^T\ by ^ »~ of 
sc^nninnSr^nH^^ 16 9) ' ^ Permit the 

ent analyte), so that mTt^tS^?^ * 
perfonned --A^S^SS 
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I?* M «rosp« imrTumoftaaav: li*ti\ i w 
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Pfcft Basic prindpto of ouaHabeL am*.*, T"' ^ 

advantages stem from adopting a du*l fl 
measurement. For example S.^ fluorescence 

of the ^ S^LTT °° r «* 
field of view is important. k~ u ~7? ^detectors 
"nitted fluoresce* X * Sr^? .f atio of toe 
tuation. in the intenai^f^^f^^^ae, fluc- 

beam are apt to be K •faStf* »■* 
tages are additional to ^LX^f- ^ edvan- 
approach. La. ti^^^f^^^m 
rtancy of the amount ofat^Tf 2^ «»• 
aa*y ayetemi, remove? ^ » the 

MicT0 *fx* Immunoassay Sensitivity 

?Sen£ c^cept^t^? 8 ^. me *°*<*°gj 
design theory mX wstT! ST" 1 * ^un«*aa> 
e«tion of*, potential ^S^^* 6 decadea . 
approach i. ebvSrfS? attain,,Me * thi. 
J-*, that ^crospila^^Cw^ P ^ 
*>ve as conventional systems tlL jl ^ 88 senffl - 
amou =t« of antibody aay^Lfi? ^ 011 ^ lat &* 
consideration orTmo^J^?^ demonstrated by 
antibody mol^Jt^ffj* P^te thai 

"^briu. will ' b?£ "tiStS^ — 
antibody is distributed imK-i *?* occurria « if the 
bation aiitu»r^^ 0na,y thr ««aout the incu- 

aion) are unlabeled TliTaX^i^kr 1 ^ ^ 

of aenaor antibody imX. faaS^ ^. aDCent ™tion 
If, for exampt the anShri,?! J??° dy 18 distributed. 



antibody bm^s^St ^ ""^ 8 ^modates 
Nation ofO.OL2T, ete.jS S&E'^ * • «■£ ■ 
*»* analyte at HZ^rVt ' 

ond, labeled, 'oWdop^^^^.^P 0 ^ to a ^ < 
analyte, forming atvn£ * Pected «*unatth. 

let us suppose Rna%, 
developingMtib^v w»iT? P Mte » «•* withthe 

density of T ^ ^ ^ •tTJnSct 
We may now consider the edVt. «# 
^ucbon of the antib^^Ll^ 8 P r^^ 




«I«jtion 4;i7v3i W o>Pfor IT ^ 

labeled antibody aoE? au f aber of analyte and 
area is 2.99 ^0^ ^^^^ £ 
molecules presentj/wSer^ 1 °* ^ analyte 
"body molecules no^Sf ^ T* ir labeled an- 

^^taefieldoV^oSLSSf 41 !■ ^ ^ 
jesttcted to the arJTwhS instn «>ent is 

-^tbeoni^r^a^S 



e ^ MM » nan 






^ w indb0 °T oepoM^ ototut,. S/8 

;ffli25sr^ 5ff ^ ,,,,as 
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meat's field of view), the rignaitooue ratio obeervldfo 

W area is 9.02 x 10-, th. number of hto£££ 
body £olecul£ specifically bound to the area i, 5.41 x 
10» the number nonspecificafly bound is W, and the 

a^^gnaJtoe increase, as the antibooV 

mal (plateau) value of 60 as the area cnatld3». 
antibody falls below 0.01 nan' anTtenlstwaS zT* 

It however, a reduction in the antfbodv^ZlT" 
were not accompanied by a o^rnT j , 
the -^5S^ SST^ft^ * 
reduction in ^gnaT would nJl^ Z'^L^^ 
decrease in the background *en7r«L\ 

emitted from the anSLdy-^ted^ t^H**"" 
and remained constant «SSa«^r?i. J?* 
field of view, then a ml^T^L "beat's 
also be attained " ^SjT^^JS d 
coated area, below wfcchlKi^d <u ^J*" 
Wver, one can generally reduce So^L^T 1 
(and hence the detector4ei»erated iSr^^^ 
same rate as the size of ^^^^^ 

diminish as the aSoVSat^ are^T 1° 
reduced toward zero. TbwTwTaSS fv, progre f Ivel >' 
ratio as indicative of ti ir^Z, «^ "P* 1 *"** 
antibody oc CU ^^^^i ttemeMU «»entof 

theae^SS a^£ t ? .""J aensitivity), 
reduce the antS-c^^JS? * " to 
taatry, the aeSSSSSv (and . "ncomi- 

■» the area beloToT m^T^ Su?^ 
otmcentration below 0.0lflf) antibod y 

ratio between theoMverthelE^r^- to «ro (the 
fflrfJTZ. ?T 111 practlC8 - other statistical 

^mm, riwMI , to . ^""J***™ area causes 
°* Joirt auffioeotlv to affect the 



antibody used to mea^e^^^ 1 *^ 
higher the ^^tyX^S^^^ 
area. TT.ua, given labels rf^^sSc^lS 
one can envision circumstanced T^Tt^^' 
Uncompetitive" system, th. ™ 4 

35 F ° r f^Pk. reagent concentrations that 

a^vitylabeWuaedan^I^;^-^ 
the measuring instrument to samples a^T 

Plied to nonhSopfc 2K7 ^«*f* when ap. 
viewed with^S meth0d0l0£les ' «bould be 

gests thir^ immunoassay sensitivity (21) sug- 



attiil^ V^" dCMity sitee/Ma«) of sense, 

antibod,, ^ = eensor antibody affinity (lJm 0 n 
concentration of labeled anti^^^T , IAo J " 

20 molecules/^, thenC . Si J^? ,a ? dI ^— " 
- 4 x in-" 17m j h aiB , 4 10 moleculesymL 

noaswys are achievable, and (6) if labels tfvervhjJh 
specific activity are availnM. - -^7 ™. 07 ^e* 
■vauab^ the sensitivities yielded 
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^ehve eaneant^i^*^ ff*** 3 . although *J 
boa medium i. «J3£fe'^*tU^ 

«pot become occupied u fc«lf f, the mien*. 

Mboody la uaed, win coavlB«!?r 8h ^^tration of 

tteaatiboo> ecatameT^^T^ 1 *"* (and 

SET-*" ^^^LT^ * Ven 

7 JW>apot area, the hirijMt TL "atneted to the 
observed fafW an/seK^T^ 186 ** 
?0»^ *. the 

^ njcroepot ap. 



P*** Piwidei the 

sits?* *WTffssK3** 

«thode contributed the t^ 0 ^^ 
^t^eat.aadmuetLfoAS^^ signal af&l 
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to diminish with future improvement mphotomultiplier 
design. Other sources of background include fluores- 
cence emitted by component* in the optical system, 
which may not, in current instruments, have been 
constructed with background reduction as a prime con- 
sideration, Nevertheless, they detect with high sensitiv- 
ity fluorescent signals. For example, one commerciaMy 
available microscope is claimed to detect fluorescein at a 
density of 10 moleculea//un a . Most commercially avail- 
able fluorescein isothiocyanate (FITO-labeled IgG ex- 
hibits a fluorophor/protein ratio of -4; this implies 
detection limit for antibody surface density of 

two or three FITC-labeled IgG molecules per microme- 
ter*. This, m turn, implies a theoretical sensitivity for a 
two-site immunoassay of -2-3 x 10 s analyte molecules 
permiffibter, assuming identical parameter values as 
above, or 2-3 x 10* molecules/mL if the sensing anti- 
body has an affinity of 10" L/mol. dearly, levity 
may be increased by loading more fluorophor either 
directly or indirectly onto the antibody. 

Our preliminary studies have relied on a less sensi- 
tive microscope, albeit one possessing facilities for dual- 
nWeseence measurement Its argon laser emits two 
excitation lines at 488 and 514 an. It is thus particu- 
My efficient in«riting blue/green-emitting fluoro- 

?S? 2? "V™ (eXdUti0D maxim ™ 492 nm), but 
Mless efficient m exatmg fluorophores such as Texas 
Redtexatatwn maximnm 696 nm). However, the ratio- 
metoie assay pnnaple permits considerable variation in 
detection efficiencies of the two labels because the sne- 
afic activities of the labeled antibody species fornSg 
the antibody couplets can be chosen to yield signal 
ratios approximating unity. Inefficiency of the areon 
laser u> exciting Texas Red is thus not a major handicap 
m this context Though this instrument relies on a 

SZtt on an optical system 

designed for this purpose (and thus implicitly less seT 
otive), tt permits quantification of fluorescence signals 
generated from imcrospots of any selected area. Initial 
studies have revealed that, under conditions that are 
n^ptimal, the instrument is'capahle of detecting -25 
Frrc-labeled and (or) 150 Texas Red-labeledlgGmole- 
cules per micrometer 8 , while scanning an area of -50 



studies have exposed phenomena neither evident ^ 
aapertance when antibody binding 
examined at amacroacopic leveL^visSly " 
used white Dynatech Microfluor microti^' 

and yielding high signalmoise rati* kndhS cS 
densities of functional antibodies (-5 x lOMgOaS 
cules/^mVfar assay development, ahhough^ueh 
plates are not ideal. Indeed, deficiencies in the aVtt3£ 
deposition methods used constitute the principal source 
of nnpreanon in assay results and the limitation in 
sensitivity that this implies. Clearly, this repraenS » 

SSru-qu^' ^ ttDd re£nement ^ ™-™*Tcoati£ 

Notwithstanding the limitations of present instru- 
mentation (which, among other things, doe. not permit 
the use of time-resolving techniques to distinguish^, 
mdividuaj ^fluorescence signal, either rrome^£er£ 
from background fluorescence) and the crudenea. of 
present methods for coupling antibodies onto small 
areas, we have verified the theoretical concepts outlined 
above by comparing the performance of sever*] assay, 

Hn"i, m T U ^^ Cr ^ fonnHt when conven- 
tionally designed. Although unoptimixed, ratiomettc 
xmcrospot assays have yielded sensitivity vahies close]* 
approaching those of conventional optimized DtMA. A. 
an example, the results of a ratiometric assay system for 
thyrofropa, with use of Texas Red- and FITC-labeled 
antibod.es, are shown in Figure 13. Bearing in mind the 
well-toown limitations of these and othe7"«mvention! 
aJ fluorophors when used as immunoassay reagent 
babels, such results are encouraging, although fiirfher 
work is clearly required to achieve the considerably 
greater senartjvity theoretically predicted with use* 
improved fluorophors, better antib^-nucrcepotthur 

Tbefinding that highly sensitive iinmunoasaavs on 
beperformed with far smaller amounts JSSSfyS 
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The development of microspot immunoassays has also 
nutated closer scrutiny of the mechanisms involved 
m the coupling.of anti-bodies to solid supports. In the 
present context, these should display i\LpLdty to 
adsorb (mtheform of a monolayer^ to covalently 
lmk^high surface density of antibody combined with 
tow inb^cHognal-generating properties (e.g„ low in- 
fcinaic fluorescence), thus minimizing background. We 
have examined a number of candidate materials, such 
as polypropylene, Teflon* cellulose and nitnwDulose 

bkcfwt S "T? 1 " P ^ S (dear P° ] V*y™x Plates; 
at ««^? d AC ^yrty™* P^t«). glass slides 
and quartx optical fibers coated with Wamino propyl) 
toethoxy sJane. etc., and several alternative protocols 
lor achieving high monolayer coating densities. These 
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TSH coneentralion (mU/L) 

Rg. Response curve In a duaHabeled mlcrosooJ ratumetrfe 
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mamtfy used conventionally permits in tun the 
«-tn«b« of ^aatibofr micro«pot array, enabling, in 
pnjaple. the simultaneous measurement of thouaudj 
of different tubatancea in 1-mL samples, in eoDabora. 
hm with jnve^tor. at the Centre for Applied Micro, 
hob^ Research, Porton Down, VjCZ are 
entjr developing various techniques for the creation^ 
juch am** Indeed, aimibr tocologies hJn!Z£ 

polypeptides, these enabling 10 OOO-microepot arrays to 

be constructed on aOica chin* , , *■ 10 

wuHmm on njua cups approximating 1 cm* (24) 

Although array, of thia capacity are unl£ely.to ever be 

required for conventional diagnostic dutoqL IT 

many substances in the same aample will have revoT 

JStlS.^ «•**«■•■ may ultimate^ 

permit the individual anabaia of tke m„w;_i 

of certain ^eten*eneo^^^ (e ^^ fonM 

tein hormones), such cSv* 

preaenting a major obstacle to thelSdaX^and 

^Moreover, although these concepts have been ilW 

^e^riaSlec^— 
reaction .with the sugar resioC^neS:^ 
chains of glycoprotein molecules maybe 

sp£& M *^ 
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Summary and Conclusion / 

Because of past confusion regarding the can^nt* 
Plosion, sensitivity, aauracy, etc^vf™i^ P 
«mcepts have become Sratd S £T 
accepted ndea of immunoaa^d^r^^^ 

used than are necessary to achieve verv „ 7 
sensitivity, provid^HX certa^LL^J^^ 
pes are adhered to. In this pr2S2? 
attempted to show that, inZ£St^ have 
activities are obtained hf^*^^"^ 
of sensor antibody molecules WaTer^S^t 
the form of a mieroapot and Bu«ir! n . A. area ,n 
by an analyte, SrS^^ 

«a th^gh th, M < e . fc ^ 

uquea of wuSd recording. Eitenai. . , 
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^mSr* ^ ***** ^«£s£ 

tl Kottsen E, Hell B. Mulhr C © . 



nicus of glycoprotein lectin immt»«»«4-.. 

chains fbr the smoy «f * ^ murta « 

•orient •°Wlink«d iaannio- 

29. Harris CC, Yolken RH, Xrokea H. Hau Id in. 

torn and rotavi™. ^ Nt0 ,2^^ S^SS^" - 



vim ~ Correction* 

V 1 S7. pp. 1447-fi: In our desire for rapid publication 

jecnnicaJ Brief. The corrected version ia her. rpr^Z 
duced in its entirety, with our apoS 





thi^V^CSfi?* a «"AP508 muutioas identified ia 

SSiS*^ ^ 2™* (CF) AndyS 
Consortium, the ones moat frequently seen in m ~rT , 

*■ «b are the JTlWcSS^^W 

* 4 *f ^ CP chromoeomea), both revealed by dot-blot 
hybndfcation of the polymerase chain reaction (Han »»? 
uct with dlele-apecific olvmudeobdeT^SS «f 
to an attempt to simplify the analysis oftomL 

A PCR-mediated trite-directed mutagenesis n *~ j 

in the wild-type aequenee had already been sunreatJ (d\ 
To detect the J717-1G-A ButaSnT^ SS^J It 
averse primer W'-CIX^AAa JtT^A^tS^ 
contain a aingte-baae mismatch (T-^^SJ££ 
a novel AvaU restriction site [G 1 GfA/nt^l i« 1 
Pj*ed w^-type (WD .Dele bufn^^^ £j 



WT: WT 1717 
J- 



R». 1. Detection of the 1717-16-A mutation by PC« 
37 «C with S U or**) ,« .llSSirS P * B *? I, "»'* «*B*««or2h«t 



bv^h, rlS!!? 5 n T r ' ^ ^ one made available 
if t rm "' Consortium to amplify exon 11 

AGTVT^ SW: ^CTGTGGTTAi^rVGCAAT* 

4?S or' si^SfS ^ ^ mutoti «° <5) (252/ 
rSS , F chromosom e8). 1717-IG-A, and 

G642X, about 71% of mutation, might be detected hv 
nomotopic analysis of the PGR product, Sus X^l 



5' 



TAGGACA. GCAGAG 



8' 



AuxDeite 
M: M 1717 
1 



AT XTGG. CGTCTC 

' J , ..J ^s- 
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TAAGACA. GCAGAG 

ATTCTGG. CGTCTC 

'. mutasenued base of reverie primer 
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